AMPK AND GLYCOGEN REGULATION IN SKELETAL MUSCLE

A -

*%k

phenylmethylsulfonyl fluoride and centrifuged at 14,000 g at 4°C for
30 min. The supernatants (40 pg of protein) were added to 80 ! of
assay mixture containing 50 mM Tris (pH 7.8). 5 mM EDTA. 6.7 mM
UDP-glucose, 10 mg/ml glycogen, 50 mM B-glycerophosphate, 50
mM sodium fluoride, and 0.1 mCi/mmol ["*CJUDP-glucose at 30°C.
in the absence and presence of 10 mM glucose 6-phosphate (G-6-P).
to measure G-6-P-independent (active form) and total GS activities,
respectively. After 15 min the reaction solution was spotted onto a
filter paper to terminate the reaction. The filter papers were washed
extensively in 66% (vol/vol) ice-cold ethanol and then evaluated in a
liquid scintillation counter for *C incorporation into glycogen. GS
activity in the muscle was expressed as the active form ratio: G-6-P-
independent activity + total GS activity. The effect of ZMP on basal
GS activity was evaluated by measurement of absolute GS activity in
the presence of 6 mM ZMP, instead of 10 mM G-6-P. in the assay
mixture. Absolute GS activity was expressed as "™C incorporation
activity (nmol'min™mg protein '),

GP activity. Muscle GP activity was measured as described previ-
ously (15). Frozen muscles were homogenized in buffer A, and the
supernatants were prepared as described for GS activity. Supernatants
(40 g of protein) were added to 80 pl of assay mixture containing 50
mM MES (pH 6.1), 100 mM glucose 1-phosphate, 200 mM potassium
fluoride. 10 mg/ml glycogen, and 2.5 mCi/mol ['*Clglucose 1-phos-
phate. in the absence and presence of 6 mM 5'-AMP, to measure
AMP-independent and total GP activities, respectively. Afier 15 min
the reaction solution was spotted onto a filter paper to terminate the
reaction. The papers were washed extensively in 66% (vol/vol)
ice-cold ethanol and then evaluated in a liquid scintillation counter for
"C incorporation into glycogen. GP activity in the muscle was
expressed as the active form ratio: 5'-AMP-independent activity +
total GP activity. The effect of ZMP on basal GP activity was
evaluated by measurement of absolute GP activity in the presence of
6 mM ZMP. instead of 6 mM 5'-AMP, in the assay mixture. Absolute
GP activity was expressed as '“C incorporation activity
(wmol'min "~ ''mg protein ).

Muscle glycogen. Frozen muscles were processed by incubation in
I M NaOH at 85°C for 10 min. The digestates were neutralized with
HCI. The glycogen in the digestates was hydrolyzed by incubation in
2 N HCl for 2 h at 85°C. The digestates were neutralized with NaOH,
and the glucose released from the glycogen was measured enzymat-
ically using a hexokinase glucose assay reagent (Sigma-Aldrich).
Glycogen content was expressed as micromoles of glucosyl unit per
gram wet muscle weight.

Lactate. Muscles were incubated and stimulated in KRB containing
8 mM glucose as described above. After muscle contraction for 10
min or AICAR stimulation for 40 min. aliquots of the incubation
buffer were collected, and the lactate in the buffer was determined
using the Determiner-LA kit (Kyowa Medex, Tokyo. Japan). The
lactate released into the buffer was calculated and normalized to the
wet muscle weight.

Statistical analysis. Values are means = SE. Multiple means were
compared by ANOVA. Two means were compared by Student's
t-test. P < 0.05 was considered statistically significant.

RESULTS

AICAR acutely stimulates muscle AMPK in a dose- and
time-dependent manner to a level comparable to that achieved
by contraction. To evaluate the effects of AICAR stimulation
on rat epitrochlearis muscle, we determined the dose and time
dependency of its effects on isoform-specific AMPK activities.
Pharmacological stimulation with AICAR caused a two- to
threefold activation of both isoforms of AMPK (Fig. 1, A and
B). The effects of AICAR stimulation on AMPK activity were
not observed 10 min after the start of incubation but became
prominent by 30 min. The stimulatory effect of AICAR was
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Fig. 1. Changes in a;- and op-isoform-specific 5'-AMP-activated protein
kinase (AMPK) activities in rat epitrochlearis muscle. Isolated muscles were
incubated and stimulated by 0.03—-8 mM 5-aminoimidazole-4-carboxamide- 1 -
B-n-ribonucleoside (AICAR) for 40 min (A), 2 mM AICAR for 10-60 min
(B), and in vitro contraction (10 min) or 2 mM AICAR for 40 min (C). Values
are means = SE (n = 4-6/group). *P < 0.05; ** P < 0.0 vs. basal.

maximal at 40 min (Fig. 1B) in a dose-dependent manner (Fig.
1A). Therefore, we judged that stimulation with 2 mM
AICAR for 40 min causes maximal AMPK activation of
both a-isoforms. We also compared AICAR- and contrac-
tion-stimulated AMPK activities. Both treatments caused
almost equal increases in AMPK-«; and -o activities (Fig. 10).

Contraction and AICAR activate glucose uptake to similar
levels, comparable to the level achieved by a maximally effec-
five dose of insulin. We determined whether muscle contrac-
tion and AICAR stimulation, both of which activate AMPK o
similar levels (Fig. 1), increase glucose uptake. The almost
identical four- to fivefold increases in 3-MG uptake stimulated
by muscle contraction and AICAR (Fig. 2) are similar to that
achieved by stimulation with a maximally effective dose (]
uM) of insulin.
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Fig. 2. 3-O-methylglucose (3-MG) uptake activity in rat epitrochlearis muscle.
Isolated muscles were incubated and stimulated by in vitro contraction (10
min), 2 mM AICAR for 40 min, or 1 pM insulin for 40 min. Values are
means + SE (1 = 5-10/group). **P < 0.01 vs. basal.
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Contraction activates, but AICAR inhibits GS activity. To
determine whether the activation of AMPK affects the activity
of GS, the rate-limiting enzyme of glycogen synthesis, we
measured GS activity. Whereas muscle contraction caused a
marked increase in GS activity, AICAR stimulation conversely
decreased GS activity (Fig. 34). Insulin also increased GS
activity, but the effect of insulin was antagonized by the
presence of AICAR [active form ratio (%) = 28.0 = 1.0
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Fig. 3. Glycogen synthase (GS) activity in rat epitrochlearis muscle. A:
isolated muscles were stimulated by in vitro contraction (10 min), 2 mM
AICAR for 40 min, 2 mM AICAR + 1 pM insulin for 40 min. or I pM
insulin. Values are means = SE (n = 12-19/group). *P < 0.05: **P < 0.0l
vs. basal. #P < 0.01 vs. insulin. B: muscles were incubated and stimulated by
0.03-8 mM AICAR for 40 min. Values are means = SE [n = 4-6/group,
except basal (n = 1], #*P < 0.01 vs. basal.
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Fig. 4. Glycogen phosphorylase (GP) activity in rat epitrochlearis muscle.
Isolated muscles were incubated and stimulated by in vitro contraction (10
min), 2 mM AICAR for 40 min, or 3 pwg/ml epinephrine for 15 min. Values are
means * SE (n = 6-14/group). **P < 0.01 vs. basal.

(basal), 52.7 = 1.5 (contraction), 244 + 1.1 (AICAR), 36.1 =
2.0 (AICAR + insulin), and 454 = 1.5 (insulin); Fig. 3A].
AICAR-induced GS inactivation was dose dependent (Fig.
3B), in parallel with AMPK activity (Fig. 1A).

Contraction activates, but AICAR does not alter, GP activity.
To determine the effect of AMPK activation on glycogenolysis,
we examined the effect of AICAR stimulation on the activity of
GP, which is the rate-limiting enzyme of glycogenolysis. Whereas
muscle contraction and epinephrine stimulation markedly in-
creased GP activity, AICAR did not alter GP activity [active form
ratio (%) = 22.4 = 1.0 (basal), 78.8 = 4.4 {contraction), 20.5 =
1.4 (AICAR), and 64.5 * 1.7 (epinephrine); Fig. 4].

Contraction decreases, but AICAR does not alter, muscle
glycogen content. We examined the effect of AICAR-stimu-
lated AMPK activation on the concentration of glycogen.
Glycogen conient was reduced in contracting and epinephrine-
stimulated muscles. In contrast, glycogen was unchanged by
AICAR (23.3 = 1.3, 124 = 0.9,25.6 * 1.3,23.7 = 1.2, and
13.1 = 2.4 pwmol glucosy! unit/g wet muscle wt for the basal
state, contraction, AICAR, insulin, and epinephrine, respec-
tively; Fig. 5). These results are consistent with the increase in
GP activity induced by contraction or cpinephrine, which was
unchanged by AICAR (Fig. 4).

AICAR increases lactate release from muscle. Because
AICAR stimulation resulted in the inactivation of GS, despite
a marked increase in glucose uptake, we investigated the
amount of lactate released into the incubation buffer to clarify
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Fig. 5. Glycogen content in rat epitrochlearis muscle. Isolated muscles were
incubated and stimulated by in vitro contraction (10 min). 2 mM AICAR for
40 min, 1 WM insulin for 40 min, or 3 pg/ml epinephrine for 15 min. Values
are means = SE [n = 16-20/group, except epinephrine (n = 4} #p < 0.01
vs. basal.
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whether the glucose taken up into the muscle is degraded via
the glycolysis pathway. The amount of lactate was measured in
buffer containing glucose, instead of pyruvate. Similar to
muscle contraction, AICAR caused a significant increase in
lactate release (12.7 * 0.85,38.6 = 2.11, and 20.1 = 1.14 pg
lactate/mg muscle for the basal state, contraction, and AICAR,
respectively; Fig. 6).

ZMP stimulates GP activity, but does not affect GS activity,
in vitro. When skeletal muscle is incubated with AICAR,
AICAR is taken up into the muscle. It is then phosphorylated
to form the AMP-like compound ZMP (17). Consequently, it is
possible that increased intracellular ZMP directly modulates
GS or GP activity as an AMPK-independent effect. Therefore,
we measured GS and GP activities in the presence of ZMP in
vitro. GS activity was unchanged in the presence of ZMP,
whereas it was markedly elevated in the presence of G-6-P, a
strong allosteric activator of GS (6,669 = 446, 36,907 *+
1,085, and 6,409 + 267 pmol'min~'mg ™" without G-6-P and
without ZMP, with G-6-P, and with ZMP, respectively; Fig.
7A). GP activity was elevated in the presence of ZMP (o an
extent similar to that observed with AMP, a potent allosteric
activator of GP (664.2 % 36.8, 1,335 £ 61.2,and 1,416 = 92.4
nmol-min~"mg ™" without AMP and without ZMP, with AMP,
and with ZMP, respectively; Fig. 7B).

DISCUSSION

Studies of AICAR have provided important information
about the function of acute AMPK activation in muscle glucose
metabolism. The specificity of AICAR as an AMPK stimulator
has been established by Mu et al. (31), who blocked AMPK
activity in mouse skeletal muscle with the muscle-specific
expression of a dominant-negative kinase-dead form of
AMPK. In that mouse, the stimulatory effects of AICAR on
glucose transport (31) and GLUT4 expression (22) were abol-
ished completely. On the basis of findings suggesting that acute
AICAR stimulation in vitro activates AMPK and glucose
transport in fast-twitch muscles but has no effect on the
slow-twitch soleus muscle of the rat (1, 4) and that AICAR
administration also has the greatest effect on the GLUT4
content of fast-twitch muscles (7, 21, 44), we analyzed the rat
epitrochlearis muscle. Differential ATPase staining of rat ep-
itrochlearis demonstrated >80% fast-twitch and only 15%
slow-twitch fibers (33. 34). In the present study, AICAR
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Fig. 6. Lactate release from rat epitrochlearis muscle. Isolated muscles were
incubated and stimulated by in vitro contraction (10 min) or 2 mM AICAR for
H) min in glucose-containing Krebs-Ringer bicarbonate buffer, and lactate
concentrations in buffer were determined. Values are means = SE (n =
S-6/group). **P < (.01 vs. basal.
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Fig. 7. Effects of ZMP on GS and GP activities in rat epitrochlearis muscle.
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None

treatment activated AMPK to the extent observed in skeletal
muscle after contraction. AICAR (2 mM, 40 min) and tetanic
contraction (10 s, 10 times) activated AMPK-«; and -a» (Fig.
10), with a corresponding increase in the rate of 3-MG uptake
to the level achieved by a maximally effective dose (1 uM) of
insulin (Fig. 2).

We used isolated muscle incubated in vitro to eliminate the
effects of systemic confounders, such as humoral factors and
blood flow, because exercise in vivo evokes a number of
dynamic changes, many of which can potentially alter fuel
metabolism in contracting skeletal muscles (20). For example,
exercise increases the blood concentration of epinephrine, a
potent activator of glycogen breakdown (Fig. 4). Our method,
using isolated muscle, made it possible to examine the direct
effects of pharmacological manipulation and contraction on
skeletal muscle metabolism.

In the present study, AICAR stimulation caused a decrease
in GS activity, in contrast to muscle contraction (Fig. 34). GS
inactivation was dose dependent, in parallel with AMPK acti-
vation (Figs. 1A and 3B). Furthermore, insulin-stimulated GS
activation was partially antagonized in the presence of AICAR
(Fig. 3A). We eliminated the possibility of a direct inactivation
of GS by ZMP, an intracellular metabolite of AICAR (Fig. 74).
Our observation is consistent with a previous report by
Wojtaszewski et al. (45), who showed an inhibition of GS
activity in rat hindlimb muscle after perfusion with AICAR.
They also showed that the inactivation of GS was accompanied
by a decrease in gel mobility and was abolished by protein
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phosphatase treatment, indicating that AICAR stimulation
causes GS phosphorylation (45). More recently, Jorgensen
et al. (26) showed that AICAR treatment in vitro increases GS
phosphorylation at site 2 (Ser’) and decreases GS activity in
mouse extensor digitorum longus muscle. Interestingly, how-
ever, Aschenbach et al. (3) showed that intraperitoneal admin-
istration of AICAR to a living rat inhibited GS activity in white
gastrocnemius muscle, whereas AICAR administration also
activated GS activity in red gastrocnemius muscle. They re-
ported that in vitro incubation of the epitrochlearis and flexor
digitorum brevis muscles with AICAR stimulated AMPK-a
but had no effect on GS activity (3). The reasons for these
discrepancies in the responses of the red and white gastrocne-
mius muscles and between the in vivo and in vitro experiments
are unclear. However, Aschenbach et al. speculate that these
AICAR-stimulated changes in GS activity may be due to the
secondary effects of glucose transport and glycogen accumu-
lation, rather than the direct effects of AMPK on GS.

The idea that active AMPK prevents glycogen synthesis in
skeletal muscle may appear to be inconsistent with the chronic
accumulation of glycogen in rat skeletal muscle induced by
repeated administrations of AICAR. Several reports have
shown that once-a-day administration of AICAR for 5-28 days
in vivo causes a marked increase in the glycogen concentration
of rat muscles (7, 21, 44). The levels of GLUT4 and hexoki-
nase proteins are also upregulated by AICAR (7, 21, 44).
Furthermore, each AICAR treatment induces GLUT4 translo-
cation and increases the rate of glucose transport into muscle
cells (Fig. 2) (19, 27). Increased glucose transport and hexoki-
nase expression may result in increased concentrations of
G-6-P, a potent allosteric activator of GS (Fig. 7A). They may
also override the effects of the inhibitory phosphorylation of
GS by AMPK. Thus these combined effects of AICAR on
protein expression and glucose transport may predominate and
facilitate glycogen synthesis, despite the deactivation of GS by
AICAR.

In the present study, epinephrine stimulation and contraction
caused increases in GP activity (Fig. 4), with corresponding
decreases in glycogen content (Fig. 5), whereas AICAR stimula-
tion neither increased GP activity nor altered the glycogen content
(Fig. 4). Therefore, acute AMPK activation is considered to have
no significant effect on GP activity in skeletal muscle. Our
findings are consistent with the report by Aschenbach et al. (3),
who found that in vitro AICAR treatment had no effect on GP
activity in isolated epitrochlearis or flexor digitorum brevis mus-
cles, despite significant activation of AMPK-ao. Interestingly,
however, they also reported activation of GP in gastrocnemius
muscle after intraperitoneal administration of AICAR in vivo,
with a corresponding increase in AMPK-a; activity (3). The cause
of this contradictory change in GP activity is unknown. However,
Aschenbach et al. speculate that it may be due to secondary effects
in response to in vivo AICAR treatment. Our findings also appear
to be inconsistent with another report by Young et al. (47), who
showed that GP is activated in rat soleus muscle incubated with
AICAR in vitro. However, as mentioned above, AICAR stimu-
lation has no effect on AMPK activity in rat soleus muscle (1, 4).
Therefore, the GP activation observed in rat soleus muscle might
not be related to AMPK activity. In support of this idea, AICAR
did not alter the rate of glycogen synthesis in rat soleus in the basal
state or a maximally stimulatory concentration of insulin (47).
However, we found that AICAR decreased the basal and insulin-
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stimulated GS activity in rat epitrochlearis muscle (Fig. 34), with
a significant increase in AMPK activity (Fig. 1). Young et al. also
demonstrated that the AICAR metabolite ZMP mimics the stim-
ulatory effect of AMP, a known allosteric activator of GP, in
extracts of rat soleus muscle. In the present study, we also found
a marked elevation in GP activity when ZMP was added directly
to muscle lysate to a level similar to that observed when AMP was
added to the lysate (Fig. 7B). Longnus et al. (28) showed that
AICAR activates GP in isolated rat myocardium in a dose-
dependent manner, with no accompanying activation of AMPK.
On the basis of these data, it seems reasonable that AICAR-
induced GP activation is due to allosteric activation by ZMP, as in
the rat myocardium.

On the basis of these observations, we propose that acute
AMPK activation during muscle contraction antagonizes con-
traction-stimulated GS activity and that this effect conse-
quently facilitates a glycolytic flux. Our proposal is consistent
with the idea that AMPK acts as an energy sensor, switching
off ATP-consuming pathways and switching on alternative
pathways for ATP regeneration when cells sense low energy
(17). The muscle glycogen accumulation induced by repeated
AICAR stimulation may be due to the stimulatory effect of
AMPK on glucose transport and on the expression of proteins
such as GLUT4 and hexokinase. These effects may override
the inhibitory action of AMPK on GS activity, resulting in
enhanced glycogen synthesis in skeletal muscle. In conclusion.
AMPK does not directly mediate contraction-stimulated GS or
GP activation. However, AMPK may act as a metabolic reg-
ulator that leads to an increased glycolytic flux in contracting
skeletal muscle.
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Abstract

5" Adenosine monophosphate—activated protein kinase (AMPK) has been implicated in exercise-induced stimulation of glucose
metabolism in skeletal muscle. Although skeletal muscle expresses both the a1 and %2 isoforms of AMPK, the %2 isoform is activated
predominantly in response to moderate-intensity endurance exercise in human and animal muscles. The purpose of this study was to
determine whether activation of a2 AMPK plays a role in increasing the rate of glucose transport, promoting glucose transporter 4 (GLUT4)
expression, and enhancing insulin sensitivity in skeletal muscle. To selectively activate the %2 isoform, we used 5-aminoimidazole-4-
carboxamide- 1-#-D-ribonucleoside (AICAR), which is metabolized in muscle cells and preferentially stimulates the «2 isoform.
Subcutaneous administration of 250 mg/kg AICAR activated the «2 isoform for 90 minutes, but not the a1 isoform in hind limb muscles
of the C57/B6J mouse. The maximal activation of the a2 isoform was observed 30 to 60 minutes after administration of AICAR and was
similar to the activation induced by a 30-minute swim in a current pool. The increase in 42 activity paralleled the phosphorylation of Thr!’?,
the essential residue for full kinase activation, and the activity of acetyl-coenzyme A carboxylase f8, a known substrate of AMPK in skeletal
muscle. Subcutaneous injection of AICAR rapidly increased, by 30%, the rate of 2-deoxyglucose (2DG) transport into soleus muscle; 2DG
transport increased within 30 minutes and remained elevated for 4 hours after administration of AICAR. Repeated intraperitoneal injection of
AICAR, 3 times a day for 4 to 7 days, increased soleus GLUT4 protein by 30% concomitant with a significant 20% increase in insulin-
stimulated 2DG transport. These data suggest that moderate endurance exercise promotes glucose transport, GLUT4 expression, and insulin
sensitivity in skeletal muscle at least partially via activation of the «2 isoform of AMPK.
© 2006 Elsevier Inc. All rights reserved.

1. Intreduction of glucose transport into contracting muscles by inducing
translocation of GLUT4 to the cell surface via an insulin-
independent mechanism (contraction-stimulated glucose
transport) [1]. Acute exercise also activates expression of
GLUT4 protein, and the GLUT4 protein expression is

- , L elevated with repeated bouts of acute exercise [2]. The
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fax: +81 75 753 6640. improved insulin sensitivity (ie, increased rates of insulin-

E-mail address: tatsuya@kuhp.kyoto-u.ac.jp (T. Hayashi). stimulated GLUT4 translocation and glucose transport into

Physical exercise is a potent stimulator of glucose
transport and glucose transporter 4 (GLUT4) expression in
skeletal muscle. An acute bout of exercise increases the rate

0026-0495/3 - see front matter © 2006 Elsevier Inc. All rights reserved.
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skeletal muscle) [3]. These mechanisms of enhanced
glucose transport help improve glycemic control in patients
with diabetes and may help prevent nondiabetic subjects
from developing glucose intolerance.

Recent studies have suggested that 5’ adenosine mono-
phosphate-activated protein kinase (AMPK) is an important
signaling intermediary leading to contraction-stimulated
GLUT4 translocation and glucose transport [4-9] and
GLUT4 expression [10-15] in skeletal muscle. AMPK is a
heterotrimeric protein composed of a catalytic o subunit and
regulatory subunits, § and y. Although the « subunit exists in
different isoforms in skeletal muscle [16], a1 and o2, the 2
isoform—containing AMPK is preferentially activated in
response to exercise. For example, cycle ergometer exercise
at 50% of maximum energy consumption (Vo,max) does
not change a2 or a1 activity, and exercise at 60% to 75% of
Vo,max increases 2, but not a1, activity in biopsy samples
of vastus lateralis muscle from healthy subjects [17-19].
Similar activation of a2 occurs in response to cycle
ergometer exercise at 70% of VO,max in patients with type
2 diabetes mellitus who have similar protein expression of &
isoforms as healthy subjects [20]. In contrast, both isoforms
are significantly activated in response to high-intensity
exercise such as sprint exercise requiring power output
2- to 3-fold greater than that attained during maximal
aerobic exercise [21]. In rat skeletal muscle, voluntary
treadmill running exercise increases only a2 activity,
whereas high-intensity contractions, such as electrically
induced tetanic contractions, increase the activities of
both isoforms in isolated rat skeletal muscle {8]. These
observations in human and animal muscles suggest that
regulation of the o« isoforms is intensity-dependent in
contracting skeletal muscle, and that the o2 isoform, rather
than « 1, is involved in the metabolic responses to moderate-
intensity endurance exercise.

We explored the physiological relevance of the predom-
inant «2 activation in skeletal muscle, focusing particularly
on glucose transport, GLUT4 expression, and insulin
sensitivity by selectively activating a2 AMPK using the
AMPK-stimulating agent, 5-aminoimidazole-4-carboxa-
mide-1-f-D-ribonucleoside (AICAR).

2. Materials and metheds

2.1. Materials

AICAR was obtained from Sigma (St Louis, MO).
Phosphospecific antibody directed against AMPKa Thr'"?
was obtained from Cell Signaling Technology (Beverly,
MA) and that directed against acetyl-coenzyme A carbox-
ylase f (ACCP) Ser” from Upstate Biotechnology (Lake
Placid, NY). Anti-GLUT4 antibody was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). All radioactive
materials were purchased from NEN Life Science Products
(Boston, MA). Reagents for the protein assay were obtained
from Bio-Rad Laboratories (Hercules, CA). All other
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chemicals were purchased from Sigma or Nacalai Tesque
(Kyoto, Japan) unless otherwise noted.

2.2. Animals

Male C57/B6 mice, aged 7 to 10 weeks, were obtained
from Shimizu Breeding Laboratories (Kyoto, Japan) and fed
standard laboratory chow and water ad libitum. They were
housed in plastic cages in an environmentally controlled
room maintained at 23°C with a 12-hour light-dark cycle.
Mice were fasted for 8 to 10 hours before the experiments,
except as otherwise described. Blood samples were collect-
ed from the tail vein. All protocols for animal use and
euthanasia were reviewed and approved by the Institute of
Laboratory Animals, Graduate School of Medicine, Kyoto
University, Japan.

2.3. Administration of AICAR

For studies of a single administration of AICAR, AICAR
was dissolved in saline (20 g/L) and injected subcutaneously
or intraperitoneally without anesthesia at a dose of 250 mg/
kg body weight. Mice were then killed by cervical
dislocation at the indicated time points, and either hind
limb muscles (gastrocnemius, soleus, tibialis anterior, and
extensor digitorum longus [EDL] muscles) or soleus and
EDL muscles were dissected. For studies of repeated
injections of AICAR, 250 mg/kg of AICAR was dissolved
in saline (20 g/L) and injected into fed mice intraperito-
neally 3 times a day for up to 8 days. Mice were killed by
cervical dislocation 12 to 16 hours after the last injection,
and the hind limb or soleus and EDL muscles were
collected. The muscles were either processed fresh to
measure 2-deoxyglucose (2DG) transport or frozen and
stored in liquid nitrogen for later assays. Saline was injected
as a control condition in the studies using the single and
repeated administration of AICAR.

2.4. Swimming exercise

Mice swam in groups of 6 or less at a time at ~60% of
Vo,max (5 L/min flow rate) for 30 minutes during the dark
cycle as described previously [22]. A large adjustable-
current pool (90 x 45 x 45 cm) filled to a depth of 38 cm
[22] allowed each mouse to swim without interference with
other mice. A constant current was generated by circulating
water with a pump, and the flow was monitored by a water
flow meter, which was used to adjust the strength of the
current. The temperature of the water was maintained at
34°C with a water heater and thermostat. For studies
involving a single bout of exercise, mice were killed by
cervical dislocation immediately after swimming, the hind
limb muscles were dissected, and the muscles were frozen
and stored in liquid nitrogen. For studies involving repeated
bouts of exercise, fed mice swam for 30 minutes during the
dark cycle twice a day for up to 7 days. Twelve to 16 hours
after the last exercise session, the mice were killed
and muscle samples were dissected, frozen, and stored in
liquid nitrogen.
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2.5. Infraperitoneal glucose test and insulin tolerance test

The intraperitoneal glucose tolerance test (GTT) and
insulin tolerance test (ITT) were performed as described
[23], with modifications. For the GTT, glucose (2.0 g/kg
body weight) was administered intraperitoneally to con-
scious animals 12 to 16 hours after the last injection of
AICAR or saline, or swimming exercise. For the ITT,
human recombinant insulin (Eli-Lilly, Indianapolis, IN) (1.2
U/kg body weight diluted with saline) was injected intra-
peritoneally to fed conscious mice.

2.6. Isoform-specific AMPK activity

Isoform-specific AMPK activity was determined as
described [24], with modifications. Frozen muscles were
weighed and then homogenized in ice-cold lysis buffer
(1:100 wt/vol) containing 20 mmol/L Tris-HC! (pH 7.4), 1%
Triton X-100, 50 mmol/L NaCl, 250 mmol/L sucrose,
50 mmol/L NaF, 5 mmol/L sodium pyrophosphate, 2 mmol/L
dithiothreitol, 4 mg/L leupeptin, 50 mg/L soybean trypsin
inhibitor, 0.1 mmol/L benzamidine, and 0.5 mmol/L
phenylmethylsulfonyl fluoride, and centrifuged at 14000g
for 30 minutes at 4°C. Supernatants (200 ug protein) were
immunoprecipitated with specific antibodies against the «1
or a2 catalytic subunit [24] and protein A/G agarose beads
(Pierce, Rockford, IL). Immunoprecipitates were washed
twice in lysis buffer and twice in wash buffer containing
240 mmol/L HEPES (pH 7.0) and 480 mmol/L NaCl. The
kinase reaction, which was started by adding 0.1 mmol/L
SAMS peptide with the sequence HMRSAMSGLHLVKRR,
contained 40 mmol/L HEPES (pH 7.0), 0.2 mmol/L. AMP,
80 mmol/L. NaCl, 0.8 mmol/L dithiothreitol, 5 mmol/L
MgCl,, and 0.2 mmol/L ATP [2 uCi (y-**P)ATP] at 30°C for
20 minutes in a final volume of 40 uL. At the end of the
reaction, a 15-uL aliquot was removed and spotted onto
Whatman P81 paper (Whatman International, Maidstone,
UK). The papers were washed 6 times in 1% phosphoric acid
and once in acetone. >*P incorporation was quantified with a
scintillation counter, and kinase activity was expressed as
fold increases relative to basal levels.

2.7. 2-Deoxyglucose transport activity

The amount of 2DG transport was determined as described
[25], with modifications. Tendons from both ends of
dissected soleus and EDL muscles were tied with sutures
(silk 3-0, Natsume Seisakusho, Tokyo, Japan), and the
muscles were mounted on an incubation apparatus to
maintain resting length. To measure 2DG transport after a
single injection of AICAR, muscles were incubated for
10 minutes in 7 mL of incubation buffer containing Krebs-
Ringer bicarbonate (KRB) buffer (117 mmol/L NaCl,
4.7 mmol/L KCl, 2.5 mmol/L CaCl,, 2.4 mmol/L KH,PO,,
2.4 mmol/l. MgSQy, and 24.6 mmol/L. NaHCOs) with
2 mmol/L pyruvate and gassed continuously with 95% O,
and 5% CO,. Muscles were then transferred to 2 mL of
transport buffer containing KRB buffer with I mmol/L

2-deoxy-D-[*H]glucose (1.5 mCi/L) and 7 mmol/L
D-["*CJmannitol (0.45 mCi/L) at 30°C and incubated for
10 minutes. To measure basal- and insulin-stimulated 2DG
transport after repeated AICAR treatment, dissected muscles
were preincubated in the incubation buffer for 40 minutes and
then incubated in the incubation buffer with or without
5000 mU/L insulin for 40 minutes. Muscles were then
transferred to 2 mL of the transport buffer with or without
5000 mU/L insulin and incubated for 10 minutes. Transport
was terminated by dipping muscles in KRB at 4°C, and
the muscles were frozen in liquid nitrogen. Frozen muscles
were weighed and then processed by incubating in 300 uL of
1 mol/LL NaOH at 80°C for 10 minutes. Digestates were
neutralized with 300 uL of 1 mol/L HCI. Radioactivity in
aliquots of the digestates was determined by liquid scintil-
lation counting for dual labels, and the extracellular and
intracellular spaces were calculated.

2.8. Muscle glycogen content

Glycogen content was assayed as described [26], with
modifications. Frozen muscles were weighed and digested
in 1 mol/LL NaOH (1:9 wt/vol) at 85°C for 10 minutes. At
the end of the incubation, tubes were shaken by hand to
facilitate digestion. After cooling to room temperature,
digestates were neutralized with 1 mol/L HCI (1:9 wt/vol),
and then 5 mol/L HCl was added to obtain a final
concentration of 2 mol/L HCl. The digestates were
incubated again at 85°C for 2 hours and then neutralized
with 5 mol/L. NaOH. The concentration of hydrolyzed
glucose residues was measured enzymatically using the
hexokinase glucose assay reagent (Sigma). Glycogen
content was expressed as micromoles of glucose units per
gram (wet weight) of muscle.

2.9. Glycogen synthase activity

Glycogen synthase activity was assayed as described
[26], with modifications. Frozen muscles were homogenized
in buffer containing 20 mmol/L HEPES (pH 7.4), 1% Triton
X-100, 50 mmol/L NaCl, 2 mmol/L EGTA, 50 mol/L. NaF,
50 mol/L B-glycerophosphate, 10 mg/L aprotinin, 3 mol/L
benzamidine, 4 mg/l. leupeptin, and 0.5 mol/L phenyl-
methylsulfonyl fluoride, and centrifuged at 14000¢ for
30 minutes at 4°C. The supernatants (40 pg of protein) were
added to 80 pL of reaction solution containing 50 mmol/L
Tris-HC1 (pH 7.8), 5 mol/L EDTA, 6.7 mmol/L. UDP-
["*C]glucose (100 pCi/mmol/L), 10 g/L glycogen, 50 mol/L
B-glycerophosphate, and 50 mmol/L NaF in the presence or
absence of 6.7 mmol/L glucose-6-phosphate at 30°C to
measure the glucose-6-phosphate—independent (I-form) and
the total glycogen synthase activities, respectively. The
reaction was terminated after 15 minutes by spotting the
reaction mixture on filter papers; after extensive washing
with 66% (vol/vol) ethanol, the samples were counted in a
scintillation counter to measure '“C incorporated into
glycogen. The enzyme activity was calculated as the ratio
of the I-form activity to total activity.
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2.10. Immunoblotting

Immunoblotting was performed as described [26], with
modifications. Frozen muscles were homogenized in 10 vol-
umes (1:10, wt/vol) of a solution containing 20 mmol/L
HEPES (pH 7.4), 50 mmol/L f-glycerophosphate, 2mmol/L
EGTA, 1% Triton X-100, 10% glycerol, 1 mmol/L dithio-
threitol, 3 mmol/L benzamidine, 1 mmol/L NaVO,,
0.5 mmol/L phenylmethylsulfonyl fluoride, 200 mg/L of
soybean trypsin inhibitor, 10 mg/L aprotinin, and 10 mg/L
leupeptin. The homogenates were centrifuged at 14000g at
4°C for 30 minutes. The supernatants were then diluted with
water and Laemmli buffer and boiled at 80°C for 2 minutes.
Denatured lysates (20-30 ug protein) were separated on a
10% polyacrylamide gel. Proteins were then transferred to a
polyvinylidene difluoride membrane (PolyScreen; Perkin-
Elmer, Boston, MA) at 100 V for 1 hour. The membranes
were blocked with Block Ace (Yukijirushi Nyugyo, Sapporo,
Japan) and left to incubate overnight with antibodies. The
membranes were then washed, reacted with antirabbit
immunoglobulin G coupled to peroxidase (Santa Cruz
Biotechnology), and developed with an-enhanced chemilu-
minescence reagent (Hyperfilm) according to the manufac-
turer’s instructions (Amersham, Uppsala, Sweden). The
signal on the blot was detected and quantified with a
Lumino-Image Analyzer LAS-1000 System (Fuji Photo Film,
Tokyo, Japan). Data were expressed relative to control values.
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Fig. 1. Effects of exercise and AICAR on o1 and 22 AMPK activities in
hind limb muscles. After a 30-minute bout of swimming or 30 minutes after
subcutaneous (s.c.) or intraperitoneal (i.p.) injection of 250 mg/kg AICAR,
hind limb muscles (gastrocnemius, soleus, tibialis anterior, and EDL) were
removed, and isoform-specific AMPK activities were determined. Results
are means + SE (n = 7-10 per group). *P < .05 compared with muscles
from sedentary animals.
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Fig. 2. Time course of changes in isoform-specific AMPK activity (A),
AMPK phosphorylation (B), and ACCf phosphorylation (C) in hind limb
muscles after subcutaneous AICAR injection (250 mg/kg). Results are
means + SE (n = 7-10 per group). *P < .05 compared with basal levels.

2.11. Blood lactate, insulin, and glucose concentrations

Blood lactate concentration was measured by the lactate
oxidase method using an automated analyzer (Lactate Pro;
Arcray, Kyoto, Japan). Serum insulin concentration was
determined using an Insulin ELISA kit (Morinaga Institute
of Biological Sciences, Yokohama, Japan). Blood glucose
concentration was measured by the glucose oxidase method
with an automated blood glucose analyzer (Glutest Ace,
Sanwa Kagaku, Nagoya, Japan).

2.12. Statistical analysis

Results are presented as means * SE. Two means
were compared by the unpaired Student ¢ test. Multiple
means were compared by analysis of variance followed
by post hoc comparison using the Fisher protected least-
significant difference method. P < .05 was considered
statistically significant.

3. Results

3.1. Moderate-intensity exercise and AICAR activated
predominantly 02 AMPK to a similar extent

After 30 minutes of moderate-intensity swimming
exercise, a2 AMPK activity increased by 80%, but «l
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AMPK activity did not change significantly in the hind limb
muscles (Fig. 1). Similarly, subcutaneous and intraperitoneal
injection of AICAR (250 mg/kg) activated a2 AMPK by
110% and 100%, respectively, but did not activate «l
AMPK (Fig. 1). The stimulation of 22 AMPK activity by
exercise did not differ significantly from that induced by
AICAR injection. The exercise-stimulated activation of a2
was abolished within 2 hours after exercise.

3.2. AICAR increased a2 AMPK activity, AMPK
phosphorylation, and ACCf phosphorylation in
skeletal muscle

a2 AMPK activity was significantly higher 30, 60, and
90 minutes after subcutaneous injection of AICAR and
returned to baseline within 2 hours after injection in the
hind limb muscles (Fig. 2A). 1 AMPK activity did not
change at any time point examined (Fig. 2A). Phosphor-
ylation of Thr'”?, an essential residue for full kinase
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Fig. 3. Time course of 2DG transport activity in soleus muscle (A), blood
lactate concentration (B), and blood glucose concentration (C) after
subcutaneous injection of AICAR (250 mg/kg). Results are means + SE
(n = 7 to 10 per group). *P < .05 compared with basal levels.
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Fig. 4. Glucose transporter 4 protein content in hind limb muscles (A), and
soleus and EDL muscles (B). After repeated intraperitoneal injection of
AICAR (250 mg/kg) or saline 3 times a day for up to 7 days, or exercise
swim training for 7 days, either hind limb or soleus and EDL muscles were
isolated, and GLUT4 content was determined with immunoblotting. Results
are means + SE (n = 10 per group). *P < .05 compared with basal levels.

activity [27], increased significantly in parallel with o2
AMPK activation (Fig. 2B). Phosphorylation of ACCf, a
known substrate of AMPK {28], also displayed a similar
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Fig. 5. Basal and insulin-stimulated 2DG transport activity in isolated
soleus muscle after repeated intraperitoneal injection of AICAR or saline
for 7 days. Soleus muscle was isolated 12 to 16 hours after the last
injection, and 2DG transport activity was determined in the absence or
presence of 5000 mU/L insulin. Results are means + SE (n = 7-10 per
group). *P < .05 compared with the saline group.
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pattern as o2 AMPK activity (Fig. 2C). The «2 AMPK
activity was significantly elevated for 4 hours after a single
intraperitoneal injection of AICAR, whereas the o1 AMPK
activity did not change.

3.3. The AICAR-induced increase in 2DG transport activity
into skeletal muscle was accompanied by an increase
in blood lactate concentration and decrease in blood
glucose concentration

In the soleus muscle, a single subcutancous injection
of AICAR increased the rate of 2DG transport by 30%,
and this elevated activity was maintained for 4 hours
(Fig. 3A). Neither glycogen concentration nor glycogen
synthase activity was altered (glycogen: baseline, 36.3 £
1.6 umol/g; 0.5 hour, 36.6 + 0.6 umol/g; 1.0 hour, 37.9 *
1.9 pumol/g; 2.0 hours, 38.4 + 1.3 umol/g; n = 7-8 per
group; glycogen synthase: baseline, 14.9% £ 0.2%;
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Fig. 6. Glucose tolerance in AICAR- and saline-treated mice. The
intraperitoneal GTT was performed before (A) and after repeated
intraperitoneal injection of AICAR (250 mg/kg) or saline 3 times a day
for 1 day (B) and 8 days (C). Glucose (2.0 g/kg body weight) was
administered by intraperitoneal injection 12 to 16 hours after the last
injection of AICAR. Results are means £ SE (n = 7-10 per group).
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Fig. 7. Insulin tolerance in AICAR- and saline-treated mice. The
intraperitoneal ITT was performed before (A) and after (B) repeated
intraperitoneal injections of AICAR (250 mg/kg) or saline 3 times a day for
7 days. Glucose (1.2 U/kg body weight) was administered by intraperito-
neal injection 12 to 16 hours after the last injection of AICAR. Results are
means + SE (n = 7-10 per group).

0.5 hour, 15.2% + 0.3%; 1.0 hour, 14.4% = 0.4%;
2.0 hours, 14.6% =+ 0.3%; n = 8 per group). In the EDL
muscle, 2DG transport did not increase significantly
(baseline, 2.0 = 0.1 pmol/g per hour; 0.5 hour, 2.2 +
0.1 umol/g per hour; n = 8 per group, P < .10). Blood
lactate concentration, an indicator of nonoxidative glucose
utilization, was also elevated for 4 hours after injection (Fig.
3B). Blood glucose conceniration decreased after a single
AICAR injection, and this reduction was abolished within
2 hours after injection (Fig. 3C). Plasma insulin concentra-
tion was unchanged at the time points studied (baseline,
1.3 + 0.3 ug/L; 0.5 hour, 1.3 £ 0.1 pg/L; 1.0 hour, 1.3 %
0.3 ug/L; 2.0 hours, 1.3 £ 0.3 pg/L;n = 7 per group).

3.4. Repeated AICAR injection increased GLUT4 content
and insulin-stimulated glucose transport in skeletal muscle

Glucose transporter 4 content in the hind limb muscles
increased by 50% after 7 consecutive days of swimming
(Fig. 4A). Similarly, repeated intraperitoneal AICAR
injection 3 times a day for 4 to 7 days increased GLUT4
content in the hind limb muscles by 90% (Fig. 4A) and in
soleus muscle by 40% (Fig. 4B). The increase in GLUT4 in
EDL muscle was not significant (Fig. 4B). To determine
whether the increased GLUT4 content was associated with
enhanced insulin-stimulated glucose transport, we measured
2DG transport activity in soleus muscle treated with AICAR
and saline for 7 days. As shown in Fig. 5, the baseline rate
of 2DG transport was not affected by AICAR, whereas the
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msulin-stimulated rate of 2DG transport activity was 20%
higher in AICAR-treated than in saline-treated soleus
muscle. In soleus muscle, glycogen synthase activity (%
I-form) was not affected (baseline, 14.1% =+ 0.3%; 7 days,
14.8% + 0.8%; n = 8), and glycogen content did not
change in response to AICAR treatment (baseline, 39.2 +
3.1 umol/g; 7 days, 44.0 £ 3.5 umol/g; n = 10).

3.5. Whole-body glucose tolerance and insulin tolerance
were not affected by repeated AICAR injection

The intraperitoneal GTT (Fig. 6) and ITT (Fig. 7) were
performed to determine the effects of repeated AICAR
injection on whole-body glucose metabolism. The GTT was
performed before (Fig. 6A), after 1 day (Fig. 6B), and after
& days (Fig. 6C) of administration of AICAR or saline.
Glucose concentration did not differ between the AICAR-
and saline-treated groups at any time point. Fasting insulin
concentration was not affected by the AICAR treatment
(baseline, 1.3 + 0.1; 4 days, 1.2 + 0.2; 7 days, 1.2 + 0.2;
n = 7). The ITT was performed before (Fig. 7A) and after
7 days (Fig. 7B) of repeated intraperitoneal injection of
AICAR or saline. Similar to the results of the GTT, the
response to the ITT did not differ significantly between
the AICAR- and saline-treated groups. The responses to the
GTT (Fig. 8A) and ITT (Fig. 8B) did not differ between
sedentary animals and those exercised for 7 days. Body
weight was unchanged after AICAR administration (base-
line, 24.2 + 0.6 g; 7 days, 24.4 + 0.4 g; n = 10).

A GTT

100 - O sedentary

© exercise
0 i ! |
0 30 60 80

min after glucose injection
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@ exercise

0 i i !

0 30 60 90
min after insulin injection

Fig. 8. Glucose tolerance and insulin tolerance in sedentary and exercise-
trained mice. The exercise group swam for 30 minutes twice a day for
7 days. The intraperitoneal GTT (A) and intraperitoneal ITT (B) were
performed 16 hours after the last bout of exercise. Results are means + SE
(n = 7-10 per group).

4. Discussion

Endurance exercise activates predominantly 42 AMPK
in human and animal skeletal muscles. Fujii et al [17]
reported a 2-fold increase in 22 AMPK activity in human
vastus lateralis muscle after 60-minute cycle exercise at
70% VO,max, but no change in 1 AMPK after exercise.
Similarly, Wojtaszewski et al [18] reported a 3-fold
activation of %2 AMPK in human vastus lateralis after
cycle exercise at 75% VoO,max for 55 minutes followed by
90% VO,max for 5 minutes. Musi et al [8] showed that a2
AMPK is activated by 50% to 100% after treadmill running
(18-32 m/min at 10% grade for 1 hour) and that this
activation is accompanied by a significant increase in 3-
O-methylglucose transport in rat epitrochlearis muscle. Our
observations of a 2-fold increase in «2 AMPK activity after
30-minute swimming at ~60% VO,max in mouse skeletal
muscle, but no increase in «1 AMPK activity, are consistent
with these previous findings.

We administered 250 mg/kg ATCAR subcutaneously or
intraperitoneally to activate 2 AMPK to the same extent as
the activation observed in skeletal muscle after exercise.
AICAR is taken up into skeletal muscle and metabolized by
adenosine kinase to form ZMP, a monophosphorylated
derivative that mimics the effects of AMP on AMPK without
changing the intracellular levels of AMP or ATP [29]. The
concentration of intracellular AMP and the AMP/ATP ratio
are both important determinants of AMPK activity; «2
AMPK has greater dependence on AMP than the «1 isoform
in both the allosteric activation by AMP and the covalent
activation by upstream kinase [27,30]. In our study, both
types of injections activated a2 AMPK in skeletal muscle,
but the intraperitoneal injection produced a longer-lasting
activation than the subcutaneous injection. «2 AMPK
activity increased for at least 4 hours after the intraperitoneal
injection, but the enzyme activity returned to baseline within
2 hours after subcutaneous injection. Although the precise
mechanism by which AICAR activates 22 AMPK is
unknown, the site of injection may have a substantial
influence on the rate of absorption, and the time course
and intensity of activation.

Although AICAR is not strictly specific for AMPK
[31-33], recent studies with AICAR have provided impor-
tant information about the function of AMPK in muscle
glucose transport and GLUT4 expression. Mu et al [7]
selectively blocked AMPK in mouse skeletal muscle with
muscle-specific expression of a dominant-negative, kinase-
dead form of a2 AMPK. In this mouse, the stimulatory
effects of AICAR on glucose transport [7] and GLUT4
expression [15] were blocked completely. In addition, the
AICAR-stimulated glucose transport was abolished in
skeletal muscles from whole-body %2 knockout mouse,
but not in muscles from whole-body «1 knockout mouse
[9]. Furthermore, incubating isolated animal muscles in the
presence of AICAR increased glucose transport [4,34] and
GLUT4 protein expression [I1]. These results strongly
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indicate that the metabolic effects of AICAR on skeletal
muscle involve a2 AMPK-dependent signaling events,
which can occur independent of changes in systemic factors.
Interestingly, in mice with muscle-specific expression of a
dominant-negative, kinase-dead AMPK, glucose transport is
only partially reduced in response to electrically stimulated
contractions of hind limb muscles {7], and muscle GLUT4
messenger RNA increases after endurance exercise (two
3-hour bouts of treadmill running) [15]. Similarly, the rate of
glucose transport increases after electrical stimulation of
isolated muscles from the transgenic mouse expressing the
dominant-negative 2 AMPK [9]. Although the previous
studies did not examine the effects of moderate-intensity
exercise, there may be additional signaling mechanisms,
other than a2 AMPK, leading to exercise-induced metabolic
events in skeletal muscle.

We found that the «2 AMPK activity decreased within
2 hours after subcutaneous injection of AICAR (Fig. 2A),
whereas 2DG transport remained elevated for at least
4 hours (Fig. 3A). Musi et al [8] previously demonstrated
that the time course of AMPK is dissociated from the
glucose transport activities in isolated rat epitrochlearis
muscle during in vitro electrical stimulation of muscle
contractions. AMPK activity decreased rapidly after the
cessation of tetanic contractions (f;,, = 8 minutes), whereas
the rate of decrease in 3-O-methylglucose transport was
much slower and had decreased by only 48% after
60 minutes. This previous report and our findings suggest
that, although AMPK may be involved in stimulating
glucose transport, sustained AMPK activity is not required
to maintain transport activity.

Activation of AMPK and its effects vary by muscle fiber
type. In the studies using rat skeletal muscle, long-term
AICAR administration has the greatest effects on GLUT4
and glycogen content in fast-twitch muscles [10,12,35].
Daily subcutaneous injections of AICAR at a dose of 1 g/kg
body weight for 4 weeks increased GLUT4 and glycogen
content in the red and white quadriceps, but not in the soleus
muscle in rats [35]. Moreover, acute AICAR exposure
stimulates glucose transport in white muscles, but has no
effect in rat soleus muscle [34,36). In contrast, incubation
with AICAR markedly increases glucose transport in both
soleus and EDL muscles in the mouse [34]. We also found
significant increases in 2DG transport activity and GLUT4
content ( P < .05) in mouse soleus muscle. This discrepancy
in the effects of AICAR between rat and mouse soleus
muscles may be due to a greater percentage of fast-twitch
muscle fibers within mouse soleus (ie, the mouse soleus has
proportionately more fast-twitch fibers than the rat soleus)
[34]. Because of the nonspecific stimulation by AICAR in
mouse skeletal muscle, we believe that most skeletal
muscles responded to the subcutaneous and intraperitoneal
AICAR administration in our study.

The concept that a large number of skeletal muscles are
stimulated by AICAR in mouse is indirectly supported by
our observation that AICAR treatment caused a marked
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increase in blood lactate concentration and reduction in
blood glucose concentration, with a corresponding increase
in glucose transport activity (Fig. 3). The hypoglycemic
effect of AICAR is blunted in mice with muscle-specific
expression of the dominant negative AMPK [7], emphasiz-
ing the pivotal role of muscle AMPK in AICAR-induced
hypoglycemia. However, it has also been reported that, after
the conversion into ZMP, AICAR exerts a dose-dependent
inhibition of fructose-1,6-bisphosphatase, which inhibits
gluconeogenesis and enhances lactate production in the
liver [32,33]. Thus, the effects on both skeletal muscle and
other tissues, including liver, may contribute to the
hypoglycemia and elevated lactate concentrations caused
by AICAR.

The contribution of increased muscie GLUT4 to glucose
tolerance and insulin sensitivity has been clearly docu-
mented in studies using transgenic mice with muscle-
specific overexpression of GLUT4 [37,38]. However, we
found that AICAR treatment had no effect on blood glucose
excursions during the GTT and ITT compared with the
saline treatment (Figs. 6 and 7). Similarly, swimming
exercise for 7 days did not affect glucose excursions
compared with sedentary mice (Fig. 8). Although the
underlying mechanism is unclear, the effects of long-term
AICAR treatment and swimming exercise may be below the
detectable limit of the GTT or ITT because we used the
metabolically normal mouse (C57/B6). This concept is
consistent with the observation that metabolic improve-
ments occurred after 7 days of treatment with AICAR and
were detected by the oral GTT (3 mg/kg) and ITT (10 U/kg)
in KKA4"-CETP mice, a model of insulin-resistant type 2
diabetes mellitus [39]. Because we performed ITTs on fed
animals, the food consumption of the animals coming into
the test could affect the response, and there may have been a
different response at 15-minute time point that returned to
control at 30 minutes in GTTs.

In summary, we found that pharmacological activation
of a2 AMPK by AICAR at a physiological level led to a
short-term increase in glucose transport and that long-term
activation of the isoform increased GLUT4 protein and
enhanced insulin-stimulated glucose transport in mouse
skeletal muscle. These results strongly suggest that
activation of %2 AMPK during moderate exercise plays
pivotal roles in exercise-stimulated glucose uptake and
utilization in skeletal muscle. Our data also support the
hypothesis that 22 AMPK can be a target of pharmaco-
logical manipulation aiming to improve glucose metabo-
lism in skeletal muscle.
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Table 1 Belloc and Breslow’s seven physical health status

1. Never smoked cigarettes
2. Drink not more than four drinks at a time

3. Often or sometimes engage in active sport, swim or take long walk, or often garden or do physical exercise
4. Report weight within the range of 5% under and 19.99% over the desirable standard for weight for men, or not more than

9.99% over for women
5. Usual hours of sleep 7 or 8
6. Eat breakfast almost every day
7. Eat between meals once in a while, rarely or never

Table 2 Questions about healthy habits in “give up one, reduce two, and increase three”

Do you smoke?
Do you think you eat too much?
Do you drink alcohol less than 150 g per week?

Do you regularly do vigorous exercise for | hour or more per week?

Days off per month _
Do you have enjoyable activities out of business?

no smoking (1) yes (0)

no (1) yes (0)

yes (1) no (0)

yes (1) no (0)

six days and over (1)  less than six days (0)
yes (1) no (0)
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Table 3 Correlation of waist circumference (cm) with practicing number of six healthy habits

Practicing number 0-2 3-4 v 5-6 p value
(n=1299) {n=3539) (n=1153)

Male 85.8 = 8.1 844 709 826 £ 79 <0.0001*

Female 769 £ 9.1 76.0 £ 94 73.9 £ 8.2 < 0.0001**

*: There are significant differences among three groups
**: There are significant differences between 3—4 and 5-6 group, and between 0-2 and 5-6 group
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Figure 1 Triglyceride (TG) and HDL-cholesterol (HDL-C)
according to number of practicing six health habits “give up
one, reduce two, and increase three.”

Multiple regression analysis was applied, adjusted age and gen-
der. Significant level was p < 0.05.
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The First Strategy for Metabolic Syndrome: Healthy Habits
“Give up One, Reduce Two, and Increase Three”

Takashi Wada' and Kentaro Fujishiro

IHealth Science Center, Jikei University School‘ of Medicine, Tokyo, Japan
20ffice of Educational Development, Toho University School of Medicine, Tokyo, Japan

Key words: metabolic syndrome, life-style, atherosclerosis, prevention

“Give up one, reduce two, and increase three” is our motto in promoting healthy habits. The one thing to give up is
smoking. The two things to reduce are the intake of food and alcohol. The three things to increase are exercise, rest, and
enjoyable activities. We conducted a survey to determine the relationship between metabolic syndrome and compliance
with the motto. Waist circumference, blood pressure, plasma glucose and triglyceride decreased significantly in relation
to the number of healthy habits practiced. On the other hand, HDL-cholesterol increased significantly with the number of
healthy habits practiced. Mean practicing number was 3.5. Plaque score in the carotid arteries detected using ultrasound
was significantly higher in the unfavorable (practicing four to six habits) group (7.6 £ 5.8) than in the optimal (practicing
zero to three habits) group (4.9 £ 4.2) (p < 0.001). The healthy habits contributed to prevention of atherosclerosis. This
easy-to-remember motto of “give up one, reduce two, and increase three” appears to aid in preventing atherosclerotic
lesions developed by metabolic syndrome. Since these results of the cross-sectional study have limitations, further

studies are required to determine the effectiveness of the strategy. (J Jpn Coll Angiol, 2006, 46: 341-344)
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