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Abstract

Aging is associated with increased fat mass and decreased lean mass, which is strongly associated with the development of insulin
resistance. Gastric inhibitory polypeptide (GIP) is known to promote efficient storage of ingested nutrients into adipose tissue; we exam-
ined aging-associated changes in body composition using 10-week-old and 50-week-old wild-type (WT) and GIP receptor knockout
{Gipr~/~) mice on a normal diet, which show no difference in body weight. We found that Gipr™/~ mice showed significantly reduced
fat mass without reduction of lean mass or food intake, while WT mice showed increased fat mass and decreased lean mass associated
with aging. Moreover, aged Gipr_/ ~ mice showed improved insulin sensitivity, which is associated with amelioration in glucose tolerance,
higher plasma adiponectin levels, and increased spontaneous physical activity. We therefore conclude that genetic inactivation of GIP
signaling can prevent the development of aging-associated insulin resistance through body composition changes.
© 2007 Elsevier Inc. All rights reserved.

Keywords: GIP; Body composition; Fat mass: Lean mass; Aging; Insulin resistance; Physical activity; GIP antagonism

Aging is associated with an increase in fat mass, thought insulin resistance, various diet and exercise intervention tri-
to result from a sedentary lifestyle and ad libitum food  als have been conducted to favorably modify body compo-
intake over a prolonged period. Age-related accumulation  sition by reducing fat mass while maintaining lean mass.

of visceral fat is strongly associated with the development Gastric inhibitory polypeptide (GIP) is secreted from
of insulin resistance {1--3]. On the other hand, reduction  duodenal endocrine K cells in response to meal ingestion
in skeletal muscle mass or sarcopenia also is a common fea-  as an incretin, potentiating glucose-induced insulin secre-

ture of aging [4.5], increasing the risk for the development  tion. Functional GIP receptors are expressed in adipose tis-

of insulin resistance [6]. To prevent the development of  sue [7] as well as in pancreatic B-cells, and GIP has been

known to stimulate lipoprotein lipase activity and promote

_ ) N fatty acid incorporation into adipose tissue in the presence
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subsequent GIP action on adipocytes. The importance of
GIP signaling on fat accumulation in vivo was first reported
by Miyawaki et al. in mice with a targeted disruption of the
GIP receptor gene (Gipr'/ ~ mice), which exhibited reduced
adiposity on a high-fat diet [9]. Since there was no differ-
ence in body weight between wild-type (WT) and Gipr ™/~
mice on a normal diet during a 50-week observation period
(9], no attempt has been made to further investigate long-
term GIP action in adipose tissue under normal nutritional
conditions.

In the present study, we examined aging-associated
changes in body composition using 10-week-old and 50-
week-old WT and Gipr_/‘ mice on a normal diet. As in
the previous study [9), the body weight of WT and
Gipr~/~ mice was almost identical, but computed tomogra-
phy {CT) based-body composition analysis revealed that
50-week-old Gipr_/_ mice had dramatically reduced fat
mass and sustained lean mass compared with 50-week-
old WT mice, which showed an age-related increase in fat
mass and a decrease in lean mass.

Materials and methods

Animals. Generation of Gipr_/_ mice was previously described [13].
Ten-week-old and 50-week-old male Gipr™'~ mice and littermate WT
controls on a C57BL/6 background were used. The animals had ad libittm
access to standard rodent chow and water. Food intake (gram per mouse
per day) was determined daily over 5 days in mice caged singly. All pro-
cedures were approved by the Animal Care Committee of Kyoto Uni-
versity Graduate School of Medicine.

CT-based bodyv composition analvsis. The mice were anesthetized with
intraperitoneal injection of pentobarbital sodium (Dainippon Pharma-
ceutical, Japan) and their whole bodies were scanned along the body axis
using the LaTheta (LCT-100M) experimental animal CT system (Aloka,
Japan). Contiguous 1-mm slice images of the body including trunk and
lower extremities were used for quantitative assessment using LaTheta
software (version 1.00). Weights of total fat mass, which consists of vis-
ceral fat mass plus subcutaneous fat mass, and lean mass were determined
and normalized by body weight.

Plasma hormone measurentents. Plasma insulin, leptin, and adiponectin
levels were determined by ELISA kits for mouse insulin (Shibayagi,
Japan), mouse leptin (Morinaga, Japan), and mouse/rat adiponectin
(Otsuka Pharmaceutical, Japan), respectively.

Insulin and glucose tolerance tests. For insulin tolerance test (ITT),
0.4 U/kg human insulin (Novonordisk, Denmark) was injected intraperi-
toneally after 5-h fasting. Oral glucose tolerance test (OGTT) was carried
out following an overnight fast (16 h) and 2.0 g/kg glucose was loaded.
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Blood samples were taken at indicated times and blood glucose levels were
measured by the enzyme-electrode method. HbA,. was measured by
immunoassay (DCA 2000 system, Bayer Diagnostics).

Insulin secretion from isolated islets. Isolation of pancreatic islets and
batch incubation experiments were performed as'described previously i14).
Briefly, 10 islets were collected in each tube and pre-incubated at 37 °C for
30min in the medium containing 2.8 mM glucose, and incubated for
another 30 min in the medium containing the indicated concentrations of
glucose with 10°"M human GIP or GLP-1 (Peptide Institute, Inc.,
Japan). Insulin secretion was measured by RIA using mouse insulin as a
standard.

Telemerry recordings. Twelve- to 18-week-old WT and Gipr‘/‘ mice
weighing 27-30 g were used. The mice were anesthetized with pentobar-
bital sodium, and a small telemetric transmitter (TA10ETA-F20, Data
Sciences Inc., USA) was implanted into the abdominal cavity. Seven to 14
days of recovery from the surgery was allowed before initiation of data
collection. The mice were left undisturbed under a light/dark cycle of
14 h/10h (lights on at 07:00h and lights off at 21:00 h), and telemetry
recordings for motor activity, body temperature (BT), and heart rate (HR)
were performed every 2 min and averaged in 1-h bins using Dataquest
A.R.T. software (version 2.1) (Data Sciences Inc.). The average for each
bin from the same time point during a consecutive 5-day observation
period was used for calculation.

Statistical analysis. Results are expressed as means + SE. Statistical
significance was assessed by ANOVA and unpaired Student’s /-test, where
appropriate. A P value of <0.05 was considered to be statistically
significant.

Results

Aged Gipr™'~ mice had reduced fat mass and sustained lean
mass independent of changes in body weight or food intake

Body weight of WT and Gipr_/_ mice was almost iden-
tical throughout the 50-week observation period (Fig. 1A).
Body lengths measured at 10 and 50 weeks of age were also
almost the same (data not shown). There was no difference
in food intake between WT and Gipr_/_ mice (Fig. 1B).
CT-based analyses of body composition were performed
as shown in Fig. 2A. There was no apparent difference in
representative CT images showing abdominal fat
(Fig. 2B, a) and thigh muscle (Fig. 2B, b) of 10-week-old
WT and Gipr™/~ mice. However, 50-week-old Gipr™'~
mice had markedly less fat mass and a greater proportion
of lean mass compared with 50-week-old WT mice
(Fig. 2C). Total, subcutaneous, and visceral fat mass was
similar in 10-week-old WT and Gipr™/~ mice, but there

o wWT
B Gipr"

4 N.S. N.S. N.S.

w

Food intake (g/day)

10w 20w

30W  40W  s50W

oW 30w 50W

Fig. 1. Body weight and food intake. (A} Body weight of WT and Gipr~/~ mice during the 50-week observation period. (B) Food intake {g/day) for each

mouse was measured at 10, 30, and 50 weeks. n = 6-15 mice/group.
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Fig. 2. CT-based body composition analyses. (A) The solid white bar indicates the observation area. Representative CT images showing abdominal fat (a)
and thigh muscle (b) of 10-week-old (B) and 50-week-old (C) WT and Gipr_/_ mice. The pink, yellow, and light blue areas represent visceral fat,
subcutaneous fat, and lean mass, respectively. (D) Total fat mass, (E) subcutaneous fat mass, (F) visceral fat mass, and (G) lean mass, normalized to body
weight, in 10-week-old and 50-week-old WT and Gipr'/' mice. # = 6-8 mice/group. *P <0.05; **P < 0.01, 10-week-old vs 50-week-old mice, *P < 0.05;
##p <001, WT vs Gipr'/' mice. Scale bars, 1 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

was a considerable difference in fat mass between 50-week-
old WT and Gipr™/~ mice (Fig. 2D-F). On the other hand,
the weight of lean body mass was significantly increased in
50-week-old Gipr /= mice {weights of lean body mass:
9605 97+06, 10.1 £0.7, and 124+05g for
10-week-old WT, 10-week-old Gipr~/~, 50-week-old WT,
and 50-week-old Gipr*/ ~ mice, respectively, P <0.05,
50-week-old WT vs Gipr~/~ mice, P<0.01, 10-week-old
vs 50-week-old Gipr~/~ mice). When normalized by body
weight, lean mass was significantly decreased in 50-week-
old WT mice, while 50-week-old Gipr~/~ mice maintained
the same percentage of lean mass as the young mice
{Fig. 2G). There was no difference in organ weight between
50-week-old WT and Gipr~/~ mice (liver weight: WT
1.64 +£0.12 g vs Gipr”/~ 1.63+0.10 g, intestinal weight:
WT 3.69 +0.21 g vs Gipr™/~ 3.53 £ 0.40 g) as well as in
10-week-old WT and Gipr_/_ mice (data not shown).

Y . . . R e
Aged Gipr™~ mice showed improved insulin sensitivity and
amelioration in glucose tolerance

Insulin sensitivity was evaluated by ITT, and the
glucose-lowering effect of insulin was decreased in 50-
week-old WT mice compared with 10-week-old WT mice,
indicating that WT mice had developed age-related insulin
resistance (Fig. 3A). To the contrary, 50-week-old Gipr_/’
mice were more insulin sensitive than 10-week-old Gipr’/ -
mice (Fig. 3B). There was no difference in glucose tolerance
between 10-week-old and 50-week-old WT mice (Fig. 3C),

but in 50-week-old WT mice, a compensatory increase in
insulin secretion was required to achieve the same blood
glucose levels as those in 10-week-old WT mice (Fig. 3E).
In 50-week-old Gipr‘/ ~ mice, fasting and 15-min glucose
levels were significantly decreased compared with 10-
week-old Gipr~/~ mice (76.4 = 4.6 vs 56.0 £ 9.1 mg/d! at
Omin, P<0.0l, and 386.8 +20.6 vs 349.7 & 46.0 mg/dl
at 15min, P<0.05 for 10-week-old vs 50-week-old
Gipr~/~ mice, respectively), and the glycemic excursion
between 30 min and 120 min was lower than that of 10-
week-old Gipr '~ mice (Fig. 3D), although plasma insulin
levels were not increased (Fig. 3F). Although Gipr‘/ ~ mice
exhibited elevated post-challenge blood glucose levels,
overall glycemic control as shown by HbA . was not worse
in Gipr’/~ mice compared with that in WT mice
(3.10=0.16, 2.84 £0.12, 280 £0.11. and 2.65=+0.1%
for 10-week-old WT, 10-week-old Gipr_/ ~, 50-week-old
WT, and 50-week-old Gipr_/ ~ mice, respectively). We also
determined insulin secretion from isolated islets and found
that the insulin secretory response to glucose and GLP-1
stimulation was intact in 10-week-old and 50-week-old
Gipr_/_ mice compared with their WT controls
{Fig. S1{A) and S1(B)).

Aged Gipr™'= mice showed farorable changes in plasma
adipocviokine levels and spontaneous hyperactivity

Consistent with fat mass, plasma leptin levels were
significantly lower in 50-week-old Gipr*/ ~ mice than in
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Fig. 3. Insulin and glucose tolerance tests. Results of insulin tolerance tests in 10-week-old and 50-week-old WT (A) and Gipr~~ (B) mice. n = 6-10 mice/
group. Blood glucose levels during oral glucose tolerance test (OGTT) in 10-week-old and 50-week-old WT mice (C) and 10-week-old and 50-week-old
Gipr_/_ mice (D). Plasma insulin levels during OGTT (B) in 10-week-old and 50-week-old WT mice (E} and 10-week-old and 50-week-old Gipr_/‘ mice
(F). n = 5-8 mice/group. *P <0.05: **P < 0.01, 10-week-old vs 50-week-old mice.

50-week-old WT mice (Fig. 4A). On the other hand,
plasma adiponectin levels were significantly higher in 50-
week-old Gipr~/~ mice than in 50-week-old WT mice
(Fig. 4B). To investigate the underlying mechanism of
increased lean mass, we used implanted telemetry chips
to measure the 24-h profile of physical activity. WT and

Gipr’/ ~ mice both exhibited a robust rhythm of physical
activity with intense activity during the dark phase and rest
during the light phase (Fig. 4C). The average activity
counts during a consecutive S5-day observation period
showed that spontaneous activity was significantly
increased in Gipr_/ ~ mice both in light and dark phases
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Fig. 4. Plasma adipocytokine levels and physical activity. (A) Plasma leptin and (B} adiponectin levels in 10-week-old and 50-week-old WT and Gipr_/

Light phase Dark phase

mice. n = 6-10 mice/group. (C) Representative circadian patterns of physical activity in a WT and Gipr '~ mouse under a 14 h/10 h light/dark cycle
during a consecutive 3-day observation period. The white and black bar below the figure represents light phase and dark phase, respectively. (D) Average
activity counts per minute in WT and Gipr~/~ mice. n = 5 mice/group. **P < 0.01, 10-week-old vs 30-week-old mice, *P < 0.05; **P <0.01, WT vs

Gipr~/~ mice.
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(Fig. 4D). However, BT in dark phase (Fig. S1(C) and
S1{D)) and HR in both light and dark phases (Fig. SI{E)
and S1{F)), measured simultaneously, were paradoxically
decreased in Gipr~/~ mice compared with WT mice despite
increased physical activity.

Discussion

GIP was originally designated gastric inhibitory poly-
peptide for its influence on gastric acid secretion, and was
later designated glucose-dependent insulinotropic polypep-
tide for its stimulation of insulin secretion from pancreatic
B-cells. Studies using Gipr_/_ mice have shown that GIP
also has physiological roles in fat accumulation into adi-
pose tissues [9] and calcium accumulation into bone [15],
and thus a more appropriate referent of the acronym,
gut-derived nutrient-intake polypeptide, has been recently
proposed to more accurately reflect its physiological func-
tion [16). The importance of inhibition of GIP signaling
on fat accumulation in vivo was first demonstrated by Miy-

awaki et al., who found that male Gipr ™/~ mice fed a high- .

fat diet exhibit dramatically lesser adiposity than WT mice
[9]. In addition, Hansotia et al. showed that single incretin
(either GIP or glucagon-like peptide-1, GLP-1) receptor
knockout mice as well as double incretin (both GIP and
GLP-1) receptor knockout mice exhibited reduced body
weight gain and adipose tissue accretion after a 20-week
high-fat diet [17].

In the present study, we clearly show that 50-week-old
Gipr_/_ mice on a normal diet had reduced fat mass but
sustained lean mass independent of changes in body
weight or food intake, while 50-week-old WT mice
showed dramatically increased fat mass and decreased
lean mass, a characteristic of aging-associated changes
in body composition. In young mice on normal diet,
Xie et al. reported that the percentage of total fat was sig-
nificantly increased and the amount of lean mass was
reduced in 1-month-old and S-month-old Gipr~/~ females
(18], however their results and our results are incommen-
surable because of the differences in sex, age, and breed-
ing environments.

We also demonstrated that such alterations in body
composition protected Gipr~'~ mice from the development
of insulin resistance (Fig. 3B). In C57BL/6 mice on a nor-
mal diet, glucose tolerance itself does not necessarily dete-
riorate with age because glucose-stimulated insulin
secretion increases to compensate for age-related insulin
resistance [19]. In our study, aged WT mice retained nor-
mal glucose tolerance, although a compensatory increase
in insulin secretion was required to achieve the same blood
glucose levels as in young mice. On the other hand, aged
Gipr‘/ ~ mice showed better glucose tolerance during
OGTT than in young Gipr*/" mice without incremental
insulin secretion. Although Gipr~/~ mice showed mild
hyperglycemia compared with WT mice at early phases
after oral glucose challenge, overall glycemic control
as shown by HbA,. was not worse in Gipr_/_ mice.

Moreover, the insulin secretory response to glucose and
GLP-1 stimulation was intact in the islets of Gipr '~ mice
compared with those of WT controls, indicating that B-cell
function was not impaired by long-term inhibition of GIP
signaling. We therefore conclude that aged Gipr~/~ mice
are protected from the development of aging-associated
insulin resistance, which is associated with amelioration
in glucose tolerance.

Stability of lean mass is another most important anti-
aging phenomenon observed in aged Gipr~/~ mice. Skele-
tal muscle accounts for more than half (~55%) of total lean
mass, and maintenance of skeletal muscle mass is impor-
tant for its metabolic quality as well as physical strength
and functional status. There is an ongoing reduction of
skeletal muscle mass in weight-stable elderly men and
women [4,5], suggesting that weight stability in older
individuals does not imply body composition stability,
however, Gipr_/ ~ mice gained lean mass with age, main-
taining the same percentage of lean mass as the young mice
{Fig. 2G). Favorable body composition with decreased fat
mass and sustained lean mass can be promoted by physical
exercise [20]. Our results clearly show that Gipr~'~ mice are
spontaneously hyperactive (Fig. 3C and D), which may
contribute to favorable body composition and improved
insulin sensitivity in older age. Surprisingly, BT and HR
measured simultaneously were decreased in Gipr~/~ mice
compared with WT mice despite increased physical activ-
ity, characteristics resembling the physiological changes
that take place in long-lived calorie restricted animals
[21-23}

In conclusion, we have demonstrated that long-term
inhibition of GIP signaling prevents development of
aging-associated insulin resistance through body composi-
tion changes. Considering the difficulty of maintaining die-
tary restriction and exercise training for a prolonged
period, GIP antagonism might be considered for further
investigation as a therapeutic option against metabolic dis-
orders related to aging.
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SUMMARY

Little is known about the role of the central
melanocortin system in the control of fuel me-
tabolism in peripheral tissues. Skeletal muscle
AMP-activated protein kinase (AMPK) is acti-
vated by leptin and serves as a master regulator
of fatty acid B-oxidation. To elucidate an un-
identified role of the central melanocortin
system in muscle AMPK regulation, we treated
conscious, unrestrained mice intracerebroven-
tricularly with the melanocortin agonist MT-II
or the antagonist SHU9119. MT-Il augmented
phosphorylation of AMPK and its target acetyl-
CoA carboxylase (ACC) independent of caloric
intake. Conversely, AMPK/ACC phosphoryla-
tion by leptin was abrogated by the coadminis-
tration of SHU9119 or in KKA” mice, which
centrally express endogenous melanocortin
antagonist. Importantly, high-fat-diet-induced
attenuation of AMPK/ACC phosphorylation in
leptin-overexpressing transgenic mice was not
reversed by central leptin but was markedly
restored by MT-Il. Our data provide evidence
for the critical role of the central melanocortin
system in the leptin-skeletal muscle AMPK
axis and highlight the system as a therapeutic
target in leptin resistance.

INTRODUCTION

Leptin augments fatty acid B-oxidation in skeletal muscle
and enhances whole-body insulin sensitivity, thereby
serving as a promising therapeutic candidate for the treat-
ment of insulin resistance and dyslipidemia {(Shimabukuro
etal., 1997; Minokoshi et al., 2002). In agreement with this
notion, we and others have demonstrated the clinical effi-

cacy of leptin in the treatment of diabetes, dyslipidemia,
and steatosis in patients with lipodystrophy (Oral et al.,
2002; Ebihara et al., 2007). The clinical application of leptin
has been hampered, however, by the fact that leptin does
not fully exert its metabolic effect in prevalent forms of
human obesity (Maffei et al., 1995) and in diet-induced
obese rodents (El-Haschimi et al., 2000).

Using transgenic skinny mice overexpressing leptin in
liver (LepTg mice), we recently demonstrated that en-
hanced lipid metabolism and insulin sensitivity in LepTg
mice are attenuated on a high-fat diet (HFD) (HFD-LepTg)
despite persistent hyperleptinemia, compared with HFD-
fed nontransgenic (HFD-non-Tg) littermates (Tanaka
et al., 2005). Even with pronounced hyperleptinemia, skel-
etal muscle AMPK activity is attenuated in HFD-LepTg
mice to the level of HFD-non-Tg mice (Tanaka et al.,
2005). Noteworthy is the fact that switching HFD back to
a standard diet (STD) leads to a significant recovery of
muscle AMPK activity in LepTg mice before they regain
their skinny phenotype (Tanaka et al., 2005), suggesting
the reversible nature of the dietary lipid-induced leptin
resistance.

AMPK is activated by decreased energy stores and
orchestrates energy-sparing reactions in a cell-specific
manner (Hardie et al., 2006). In skeletal muscle cells,
AMPK activation stimulates glucose uptake, glycolysis,
fatty acid B-oxidation, and mitochondrial biogenesis (Har-
die et al.,, 2006) and critically mediates leptin-induced
fatty acid B-oxidation (Minokoshi et al., 2002). Our previ-
ous work demonstrated that skeletal muscle AMPK activ-
ity closely parallels insulin sensitivity and inversely corre-
lates with energy efficiency in LepTg mice under STD or
HFD feeding (Tanaka et al., 2005), indicating that AMPK
activity should be a novel biochemical marker of leptin
sensitivity in vivo.

The central melanocortin system consists of endoge-
nous melanocortin agonists and receptors. Endogenous
agonist is synthesized as pro-opiomelanocortin (POMC)
preprohormone and is proteolytically cleaved to produce
melanocyte-stimulating hormones (MSHs). In the brain,
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A Figure 1. Establishment of the Experi-
mental Protocol
Cannula Cannula (A} After intracerebroventricular (i.c.v.) and
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POMC is principally expressed in the arcuate nucleus of
the hypothalamus (ARC) and the nucleus of the solitary
tract (NTS) of the brainstem (Schwartz et al., 1997). The
majority of POMC-expressing neurons in the ARC coex-
press functional leptin receptor and mediate the anorectic
effect of leptin (Cowley et al., 2001; Seeley et al., 1997). Al-
though mouse models and human subjects with defective
melanocortin signaling develop obesity (Huszar et al.,
1997; Fan et al., 1997; Kobayashi et al., 2002; Farooqi
et al., 2003), it remains largely unknown whether the cen-
tral melanocortin system regulates fuel metabolism in
skeletal muscle. In this context, we demonstrate here
that the central melanocortin system is a critical mediator
of leptin-induced skeletal muscle AMPK activation. In
sharp contrast to leptin, melanocortin agonist retains its
AMPK-activating potency even in mice fed a HFD.

RESULTS

Assessment of Skeletal Muscle AMPK
Phosphorylation after Intracerebroventricular
Administration in Conscious, Unrestrained Mice
AMPK activity is readily altered by various stimuli such as
muscle contraction and ischemia (Hardie et al., 2006). To
obtain reproducible results, establishment of an elabo-
rately organized protocol was indispensable to minimize
nonspecific AMPK activation. Intracerebroventricular (i.c.v.)
and subcutaneous (s.c.) cannulae were implanted 14
and 7 days prior to the experiment, respectively, so that
body weight recovered to the level of nonoperated mice
on the sampling day (data not shown). Subcutaneous
instead of intravenous cannulation was used to avoid
a major weight loss. Agents were injected i.c.v. in well-
acclimatized, nonanesthetized, free-moving mice. Anes-
thesia was introduced gently through s.c. cannula, and
samples were obtained within 5 min (Figure 1A).

We first administered leptin i.c.v. under intraperitoneal
{i.p.) anesthesia and sampled muscle after another i.p.
injection of the anesthetic agent. By this method, we could
not see a reproducible increase in phospho-AMPK levels
by leptin (Figure 1B). In contrast, by the protocol in Fig-
ure 1A, leptin-induced increase in AMPK phosphorylation
was clear (Figure 1C). In addition, we could also measure

396 Cell Metabolism 5, 395-402, May 2007 ©2007 Elsevier Inc.

food intake, which was unaffected by anesthesia or by the
nervousness of the mouse, precisely.

Melanocortin Agonist Increases AMPK
Phosphorylation in Skeletal Muscle

Melanotan Il (MT-ll) is a potent melanocortin 3/4 receptor
(MC3R/4R) agonist (Fan et al., 1997). Although it is known
that central treatment with MT-Il reduces food intake (Fan
et al., 1997), its effect on skeletal muscle fuel metabolism
has not been thoroughly addressed. We treated 8-week-
old male C57BL/6 mice with leptin (0.5 pg) or MT-Il (3.5
pg)i.c.v. and sampled the soleus muscle 6 hr later. Leptin
i.c.v. significantly increased AMPK phosphorylation in the
soleus muscle (Figure 2A). Likewise, MT-ili.c.v. increased
phospho-AMPK levels by 69% + 19% (p < 0.05 versus
vehicle, n = 7). Neither leptin nor MT-Hi altered AMPKa
protein levels, resulting in a 78% + 14% (p < 0.05 versus
vehicle, n = 7) and 64% = 20% (p < 0.05 versus vehicle,

- n = 7)increase in phospho-AMPK/AMPKz ratio by leptin

and MT-II, respectively (Figure 2A).

ACC is an established target of AMPK in muscle (Hardie
et al., 2006). Phosphorylation of ACC by AMPK inhibits
ACC enzyme activity and reduces the production of
malonyl-CoA, thereby activating fatty acid f-oxidation
(Minokoshi et al., 2002). In the present study, ACC phos-
phorylation was also augmented by MT-Il by 90% + 28%
(p < 0.05 versus vehicle, n = 7) an increase comparable
to that by leptin (83% + 12%) (p < 0.05 versus vehicle,
n = 7) (Figure 2B). Neither leptin nor MT-ll i.c.v. altered
ACC protein levels (see Figure S1A in the Supplemental
Data available with this article online).

LepTg mice exhibit a more than 10-fold increase in
plasma leptin levels, a paucity of adipose tissue, and
enhanced glucose and lipid metabolism (Ogawa et al.,
1999). In LepTg mice, soleus muscle AMPK phosphory-
lation and ACC phosphorylation were substantially in-
creased compared with wild-type littermates (insets in
Figures 2A and 2B). The levels of AMPK and ACC phos-
phorylation in MT-ll or leptin i.c.v.-treated mice were com-
parable to those in LepTg mice.

AMPK phosphorylation was increased 2 hr after leptin
i.c.v. by 63% + 11% (p < 0.05 versus vehicle, n = 7) and
maintained this level up to 6 hr (75% + 10% increase)

— 243 —



Cell Metabolism
Melanocortin in Leptin-Skeletal Muscle AMPK Axis

A Vchicle MT-11 Leptin

AMPK.p (== e i ]
AMPKa

B
Vehicle MT-II Leptin

ACC-P [ SN W W 8|

1.
200 1' T oon-Tg Tg ® 200 T non-Tgi
k23 —_— -
2 150 3 150
C] 150 x ] % 200
> 100 s > 100 &
< 2100 5 E 200
°\° 50 .\: 50 a\° 80 '\2 IO:
non-Tg Tg non-Tg Tg
MT-I1 MT-UH
Vehicle Leptin Vehicle Leptin
MT-H
E Vehicle Pair-fed
c D AMPK-P |+ & 4 JD @ g9
T 05 AMPKa  [ewsemewes)
3 €
¥ 2300 2 04 250 .
b 2 03
<3200 ',23; o 2 200
; £ 100 w ’ ¥ £ 150 t
£ g o *T Z 100
<X 0 0 S
Vehicle  Leptin X 50
Time (hr) MT-11 ° i
Vehicle Pair-fed

Figure 2. Increased Skeletal Muscle AMPK and ACC Phosphorylation after Intracerebroventricular MT-Il Treatment

(A) Representative blots for phospho-AMPK and AMPKa in solsus muscle sampled 6 hr after MT-11 (3.5 pg) or leptin (0.5 ng) i.c.v. The graph shows
quantification of phospho-AMPK divided by that of AMPK« (phospho-AMPK/AMPKa ratio). tp < 0.05 versus vehicle, n = 7. Inset: Blots for phospho-'
AMPK and phospho-AMPK/AMPK« in LepTg mice. *p < 0.05 versus non-Tg, n = 6. In this and all other figures, error bars represent + SEM.

(B) Representative blots for phospho-ACC in soleus muscle 6 hr after MT-Il or leptin i.c.v. tp < 0.05 versus vehicle, n = 7. The graph shows the quan-

tified data. Inset: Phospho-ACC in LepTg. #p < 0.05 versus non-Tg, n = 6.

(C) Phospho-AMPK/AMPKa before and 2 and 6 hr after MT-It or leptin i.c.v. O, vehicle; @, leptin; A, MT-II; *p < 0.05 versus vehicle, n = 6.

(D) Cumulative food intake over 6 hr. *p < 0.05 versus vehicle, tp < 0.05 versus leptin, n = 7.

(E) Blots for phospho-AMPK and AMPKa, and graph showing phospho-AMPK/AMPKa in MT-II-treated mice and vehicle-treated mice pair-fed with
MT-Il-treated counterparts. *p < 0.05 versus vehicle, tp < 0.05 versus MT-Il, n = 6.

(p < 0.05 versus vehicle, n = 7) (Figure 2C). Likewise, MT-II
i.c.v. led to a significant increase in AMPK phosphoryla-
tion over 2 hr, by 100% + 7% (p < 0.05 versus vehicle,
n = 7), and this level was maintained until the 6 hr point
(125% + 12% increase) (p < 0.05 versus vehicle, n = 7)
(Figure 2C). To determine whether increased AMPK phos-
phorylation is paralleled by any change in plasma glucose
or insulin levels, mice were fasted for 3 hr, MT-il was in-
jected i.c.v., and blood samples were obtained 6 hr later.
No difference was observed in plasma glucose (vehicle
122 + 12 mg/di versus MT-Il 125 + 9 mg/dl; not significant
[NS], n = 6) or insulin (vehicle 1.84 + 0.10 ng/ml versus
MT-11.77 + 0.08 ng/ml; NS, n = 6) levels between vehicle-
and MT-|I-treated mice.

Leptin or MT-lli.c.v. suppressed food intake (Figure 2D).
Over 6 hr, mice treated with leptin i.c.v. consumed 0.11 +
0.05 g of food (p < 0.05 versus vehicle), while vehicle-
treated mice consumed 0.32 + 0.08 g. Mice treated with
MT-Il i.c.v. consumed 0.02 g with a standard deviation
of less than 0.01 g (p < 0.05 versus vehicle, p < 0.05 versus
leptin, n = 7). To rule out possible involvement of the ano-
rectic effect of MT-Il in increased AMPK phosphorylation

in the muscle, we pair-fed vehicle-treated mice with mice
treated with MT-Il. In contrast to MT-Ill-treated mice,
AMPK phosphorylation was not altered in the pair-fed
mice (p < 0.05 versus vehicle, n = 6) (Figure 2E), showing
that MT-ll-induced AMPK phosphorylation is independent
of suppression of food intake.

We next examined whether peripheral MT-1l administra-
tion has a similar effect on skeletal muscle AMPK. We
administered a single dose of MT-11 (10 pg, s.c.) and exam-
ined AMPK and ACC phosphorylation 6 hr later. Peripheral
treatment with MT-Il at this dose also significantly in-
creased AMPK (61% + 19%) and ACC (69% + 20%) phos-
phorylation compared with vehicle (p < 0.05 versus vehi-
cle, n = 5) (data not shown).

Leptin-Induced AMPK and ACC Phosphorylation

Is Attenuated by Melanocortin Antagonism

Leptin activates the hypothalamic melanocortin pathway
(Schwartz et al., 1997; Cowley et al., 2001) and enhances
skeletal muscle AMPK activity (Minokoshi et al., 2002). To
test whether the central melanocortin system isinvolved in
leptin-induced AMPK activation in the muscle, we injected

Cell Metabolism 5, 395-402, May 2007 ©2007 Elsevier Inc. 397
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Figure 3. Attenuation of Leptin-Induced Muscle AMPK and ACC Phosphorylation by Pharmacologic or Genetic Melanocortin

Blockade

{A, C, D, and F) Blots for phospho-AMPK and AMPKa, and graph showing phospho-AMPK/AMPK .,

(B, E, and G) Blots for phospho-ACC and quantified data.

Coadministration of SHU9119 (1.0 ug) i.c.v. attenuated leptin (0.5 pg)-induced increase in AMPK (A) and ACC (B) phosphorylation (tp < 0.05 versus
vehicle, tp < 0.05 versus leptin, n = 7). Phospho-AMPK/AMPKa was not affected in mice treated with SHU9119 alone or in SHU9119-treated mice
pair-fed with vehicle-treated mice (A and C). Leptini.c.v. significantly increased AMPK (D and F) and ACC phosphorylation (E and G) in KK mice, while
the increase was attenuated in both 6-week-old (D and E) and 10-week-old KKAY mice (F and G) (*p < 0.05 versus KK-vehicle, tp < 0.05 versus

KK-leptin, n = 6; data are % of KK-vehicle).

SHU9119, a MC3R/4R antagonist (Fan et al., 1997). Co-
administration of SHU9119 i.c.v. (1.0 pg) suppressed
leptin-induced increase in AMPK (Figure 3A) and ACC
phosphorylation (Figure 3B) to the vehicle level (phospho-
AMPK/AMPKa 150% + 49% increase by leptin versus
4% : 10% increase by leptin + SHU9119; phospho-ACC
79% t 13% increase by leptin versus 6% + 34% increase
by leptin + SHU9119; p < 0.05, n = 7). Intracerebroventric-
ular injection of SHU9119 alone did not affect AMPK (5% +
9% decrease) or ACC (10% = 12% increase) phosphory-
lation (Figures 3A and 3B). Central administration of
SHU9119 alone or in conjunction with leptin did not
change ACC protein levels (Figure S1B). SHU9119 i.c.v.
significantly increased food intake over the following 6 hr
(vehicle 0.35 + 0.08 g versus SHU9119 0.48 + 0.09 g;
p < 0.05, n = 6). To test the hypothesis that increased
food intake caused by SHU9119 may play a role in skeletal
muscle AMPK regulation, we compared AMPK/ACC
phosphorylation in vehicle-treated mice, SHU9119-
treated mice, and SHU9119-treated mice pair-fed with
vehicle-treated mice. Neither treatment with SHU9119

398 Cell Metabolism 5, 395-402, May 2007 ©2007 Eisevier Inc.

only nor treatment with SHU9119 plus pair-feeding had
any effect on AMPK (SHU9119 15% + 12% increase,
SHU9119 plus pair-feeding 10% + 10% increase versus
vehicle) (Figure 3C) or ACC phosphorylation (SHUS119
8% + 10% decrease, SHU9119 plus pair-feeding 13% +
5% versus vehicle; NS, n = 6) (data not shown).

KKAY mice (A” mutants on a KK background) ectopically
express agouti protein, an endogenous melanocortin
receptor antagonist, throughout the body, including in
the hypothalamus, and exhibit progressive obesity in ad-
dition to yellow coat color (Lu et al., 1994). Here we used
precbese (6 weeks old, KK 29.0 + 0.8 g versus KKAY
29.1 £ 1.0 g; NS, n = 10) and obese (10 weeks old, KK
35.7 + 1.4 g versus KKAY 39.9 + 1.0g; p < 0.05, n = 14)
male KKAY mice to examine leptin-induced AMPK activa-
tion. The levels of AMPK and ACC phosphorylation were
not significantly different between control KK and KKAY
mice at either age (Figures 3D-3G). Leptin i.c.v. led to
a significant increase in AMPK (phospho-AMPK/AMPKa.
90% + 10% increase versus KK-vehicle; p < 0.05, n = §)
and ACC phosphorylation (125% + 25% increase versus
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Figure 4. Recovery of Skeletal Muscle AMPK and ACC Phosphorylation by Intracerebroventricular MT-1l Treatment in Mice Fed

a High-Fat Diet

(A) Food intake over the 6 hr after i.c.v. injection in HFD-LepTg mice. *p < 0.05 versus vehicle, tp < 0.05 versus leptin, n = 7.
(B and D) Blots for phospho-AMPK and AMPKa, and graph showing phospho-AMPK/AMPK« ratio.

(C and E) Blots for phospho-ACC and quantified data.

(B-E) In HFD-LepTg mice, AMPK phosphorylation (B) and ACC phosphorylation (C) were decreased in comparison to STD-LepTg mice and were
comparable to HFD-non-Tg mice. In HFD-LepTg mice, leptini.c.v. did not alter AMPK (B) or ACC phosphorylation (C). MT-ll (3.5 ng) i.c.v. restored
AMPK (B) and ACC phosphorylation (C) in HFD-LepTg mice (‘p < 0.05 versus HFD-LepTg-vehicle, {p < 0.05 versus HFD-LepTg-leptin, n = 7; data
are % of HFD-LepTg vehicle) and HFD-non-Tg mice (D and E) (*p < 0.05 versus HFD-non-Tg-vehicle, n = 5).

KK-vehicle, p < 0.05, n = 5) in 6-week-old KK mice, while
the increase was attenuated in 6-week-old KKA” mice
(phospho-AMPK/AMPKa 15% + 21% increase, phos-
pho-ACC 10% + 11% increase; p <0.05 versus KK-leptin,
n = 5) (Figures 3D and 3E). ACC protein levels were not
different between 6-week-old KK and KKA” mice (Fig-
ure S1C). The results were similar in 10-week-olds, with
a significant leptin-induced increase in AMPK (phospho-
AMPK/AMPKa 85% + 17% increase versus KK-vehicle;
p < 0.05, n = 7) and ACC phosphorylation (133% = 28%
increase versus KK-vehicle; p < 0.05, n =7) in KK mice
and a lack of change in KKA” mice by leptin (phospho-
AMPK/AMPKz 18% x 3% increase, phospho-ACC
21% = 32% decrease; p < 0.05 versus KK-leptin, n = 7)
(Figures 3F and 3G).

Central Treatment with MT-II Leads to Recovery

of HFD-Induced Attenuation in AMPK

and ACC Phosphorylation

LepTg mice exhibit decreased caloric intake and in-
creased energy expenditure (Ogawa et al., 1999; Tanaka
et al., 2005). Enhanced glucose tolerance, increased insu-
lin sensitivity, and lower plasma triglyceride in LepTg mice
are independent of reduced food intake (Ogawa et al.,
1999). Over 4 weeks on HFD, LepTg mice, which remain
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significantly more hyperleptinemic than non-Tg mice
(176 + 4 versus 78 + 7 ng/ml), become as obese, glucose
intolerant, insulin resistant, and hyperlipidemic as non-Tg
mice (Tanaka et al., 2005). Muscle AMPK/ACC phosphor-
ylation is also attenuated (Tanaka et al., 2005).

To address the effect of central melanocortin activation
under HFD, we treated HFD-LepTg mice with MT-Il. MT-II
i.c.v,, but not leptini.c.v., suppressed food intake in HFD-
LepTg mice (vehicle 0.52 + 0.10 g, leptin 0.49 + 0.05 g,
MT-110.28 + 0.04 g; MT-ll p < 0.05 versus vehicle or leptin,
n = 7) (Figure 4A). In HFD-LepTg mice, muscle AMPK
phosphorylation and ACC phosphorylation were signifi-
cantly decreased compared with STD-LepTg mice and
were comparable to HFD-non-Tg mice (Figures 4B and
4C). Of note, leptin i.c.v. in addition to transgenic hyper-
leptinemia did not augment AMPK (21% + 14% increase,
NS) or ACC phosphorylation (8% + 6% decrease, NS) in
HFD-LepTg mice (Figures 4B and 4C). In contrast, MT-II
i.c.v. effectively augmented AMPK (by 85% + 13%; p <
0.05 versus HFD-LepTg vehicle) and ACC phosphoryla-
tion (by 139% + 16%; p <0.05 versus HFD-LepTg vehicle)
in HFD-LepTg mice (Figures 4B and 4C), suggesting that
MT-ll is a potent AMPK activator in muscle even under
HFD. To confirm the results with LepTg mice, we treated
HFD-fed wild-type (non-Tg) mice with leptin or MT-II
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i.c.v. As expected, MT-ll i.c.v., but not leptin i.c.v., led to
a significant increase in muscle AMPK (leptin 8% + 10%
decrease, NS; MT-11 64% + 12% increase versus vehicle;
p < 0.05, n = 5) (Figure 4D) and ACC phosphorylation (lep-
tin 19% + 25% increase, NS; MT-1l 96% + 20% increase
versus vehicle; p < 0.05, n = 5) (Figure 4E) in the wild-
type mice. ACC expression was not altered by HFD or
by HFD plus leptin or MT-ll i.c.v. (Figure S1D).

DISCUSSION

Despite vigorous research, the question of why leptin
loses its lipid-mobilizing potency under HFD has not
been fully answered. Hypothalamic and peripheral induc-
tion of SOCS-3 (Bjorbaek et al., 1998, Howard et al., 2004;
Wang et al., 2005; Kievit et al., 2006) and decreased per-
meability of the blood-brain barrier (El-Haschimi et al.,
2000; Oh-l et al., 2005) have been implicated in attenuated
leptin receptor signaling and metabolic efficacy. A recent
study has demonstrated blunted hypothalamic AMPK as
well as STAT3 signaling in HFD-fed mice (Martin et al,,
2006). In the present study, neither transgenic hyperlepti-
nemia nor central leptin treatment increased skeletal mus-
cle AMPK phosphorylation under HFD. Notably, however,
central MT-II administration did increase skeletal muscle
AMPK phosphorylation in mice fed a HFD, indicating
a mechanism upstream of the central melanocortin sys-
tem that is responsible for the leptin resistance.

AMPK is a cellular fuel gauge activated by a variety of
stresses. To stably assess AMPK activity in skeletal mus-
cle, samples must be obtained quickly and deliberately.
Furthermore, surgical interventions such as i.c.v. or intra-
venous cannulation cause substantial weight loss during
the following week, making it more difficult to interpret
the results in terms of energy homeostasis. in this sense,
implementation of our devised protocol was instrumental
in showing that skeletal muscle AMPK phosphorylation
is regulated by the central melanocortin system. Phos-
phorylation of the « subunit of AMPK at Thr172 is tightly
correlated with AMPK activity in many experimental con-
ditions, including leptin-induced AMPK activation in the
skeletal muscle (Minokoshi et al., 2002). increased phos-
phorylation of AMPK and ACC in parallel firmly suggests
increased AMPK activity in vivo.

In contrast to the effects of the central melanocortin
system on satiety, little is known about its impact on fuel
metabolism in the peripheral tissues. A recent study has
shown that MT-Il i.c.v. increases basal and insulin-stimu-
lated glucose disposal and basal hepatic glucose produc-
tion (Heijboer et al., 2005). However, MT-Il does not seem
to alter insulin-dependent suppression of hepatic glucose
production (Heijboer et al., 2005). Our data here demon-
strate that the administration of melanocortin agonist aug-
ments skeletal muscle AMPK and ACC phosphorylation.
Considering the crucial role of skeletal muscle AMPK in
the regulation of fatty acid B-oxidation (Minokoshi et al.,
2002), our data strongly suggest a metabolic link between
the central melanocortin system and skeletal muscle fatty
acid mobilization. On the other hand, we did not observe
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any change in fasting plasma glucose or insulin levels
6 hr after MT-I! i.c.v. Heijboer et al. (2005) also report an
absence of change in basal plasma glucose and insulin
levels following MT-Ili.c.v. Further studies utilizing a com-
bination of glucose clamp and measurement of AMPK ac-
tivity may give a more accurate view of the temporal rela-
tionships between AMPK activation and skeletal muscle
glucose utilization. POMC neurons are chiefly present in
the ARC and NTS, while MCA4R, a major melanocortin re-
ceptor involved in energy homeostasis, is widely distrib-
uted and present in the paraventricular hypothalamic nu-
cleus (PVN) and the dorsal motor nucleus of the vagus
(DMV) (Liu et al., 2003). Further studies are necessary to
specify which nuclei within the central melanocortin sys-
tem mediate skeletal muscle AMPK activation.

Leptin is a pleiotropic hormone, serving as a critical
regulator of energy homeostasis, reproduction, blood
pressure, and bone metabolism (Masuzaki et al., 1997,
Aizawa-Abe et al., 2000; Ducy et al., 2000). Although a cru-
cial role of the hypothalamic melanocortin system has been
recognized in the anorexigenic effect of leptin, the matter of
which functions of leptin are melanocortin dependent orin-
dependent still remains controversial. We previously re-
ported that hypertension in LepTg mice is not ameliorated
by SHU9119 i.c.v., implicating a melanocortin-indepen-
dent pathway in blood pressure control by leptin (Aizawa-
Abe et al., 2000). In terms of effects on glucose homeosta-
sis, arecent study has shown that enhancement in hepatic
gluconeogenesis by leptin is blocked by SHU9119 i.c.v.,
whereas leptin-dependent reduction in glycogenolysis is
not (Gutierrez-Juarez et al., 2004). Taking these previous
studjes together, it is reasonable to postulate that meta-
bolic regulation by leptin is mediated by both melano-
cortin-dependent and -independent pathways. Here we
show that pharmacological (SHU9119) or genetic (KKAY)
blockade of the melanocortin receptor attenuates leptin-
dependent AMPK and ACC phosphorylation. These data
provide evidence that the leptin-skeletal muscle AMPK
axis is mediated by the central melanocortin system.

Leptin-induced augmentation of AMPK and ACC phos-
phorylation was attenuated in both 6-week-old and 10-
week-old KKA” mice. In 10-week-old obese KKA" mice,
decreased AMPK response to leptin may be partly attribut-
able to the secondary effect of obesity. However, absence
of muscle AMPK activation was observed even in lean
6-week-old KKAY mice, further supporting the notion that
melanocortin signaling is necessary for leptin-induced
AMPK activation. In KKAY mice, skeletal muscle phospho-
AMPK levels were not altered compared with KK mice
despite reported hyperphagia (Fan et al., 1997). Central
administration of SHU9119 alone also causes hyperphagia
(Fan et al., 1997) but did not alter skeletal muscle AMPK
phosphorylation in our present study. The discrepancy be-
tween food intake and AMPK phosphorylation may sug-
gest diverging pathways regulating satiety and skeletal
muscle AMPK activity.

A recent study has shown that peripheral, but not cen-
tral, administration of ciliary neurotrophic factor (CNTF),
another potent anorectic agent in HFD-fed mice, activates
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skeletal muscle AMPK (Watt et al., 2006). Although CNTF,
like leptin, increases phospho-STAT3 in the ARC, the an-
orectic effect of CNTF remains intact in Mc4r knockout
mice (Marsh et al., 1999). Noting that the anorectic effect
of leptin is substantially attenuated in Mc4r knockouts
(Marsh et al., 1999), these data suggest that central signal-
ing cascades of leptin and CNTF are independent at the
level of the melanocortin system and that centrally
mediated AMPK activation in muscle is unique to the
leptin-melanocortin pathway.

A previous work (Pierroz et al., 2002) and ours here
demonstrate that MT-Il suppresses food intake in mice
fed a HFD. Another paper published recently has shown
that leptin-induced «-MSH secretion from the ARC is
abrogated in obese mice fed a HFD (Enriori et al., 2007).
In the Enriori et al. study, the authors also showed that
Mc4r expression is reciprocally upregulated in PVN from
obese mice. These data further support our results show-
ing that MT-1I remains effective in suppressing food intake
and activating skeletal muscle AMPK even under HFD.
Taken together, our findings reinforce the notion that
MT-Hl may be beneficial for the treatment of insulin resis-
tance, a pathology characterized by a myocellular lipid ex-
cess. However, since the results of the present study are
based mainly on data from i.c.v. injections, further studies
are necessary to explore the clinical efficacy of melano-
cortin agonists.

In conclusion, our data demonstrate that leptin-induced
skeletal muscle AMPK activation is at least partly medi-
ated by the central melanocortin system. In contrast to
leptin, AMPK activation by melanocortin agonist is pre-
served even under HFD. Our data provide an insight into
the central regulation of skeletal muscle AMPK activity
and suggest a possible recovery of skeletal muscle fatty
acid B-oxidation by melanocortin agonists under dietary
lipid overload.

EXPERIMENTAL PROCEDURES

Animal Experiments

C57BL/6 (B6), KK, and KKA” mice were obtained from CLEA Japan.
Heterozygous LepTg and non-Tg littermates on a B6 background
{Ogawa et al., 1999) were used. Animals were maintained on STD
(F-2, 3.7 kcal/g, 12% ot kcal from fat, source soybean, Funahashi Farm})
and a 14 hr light/10 hr dark cycle at 23C. HFD was from Research
Diets (D12493, 5.2 kcal/g, 60% of kcal from fat, source soybean/lard).
Animals were given free access to food and water unless otherwise
mentioned. Body weight and food intake were monitored for the ani-
mals’ well-being. Experiments were started between 6 and 8 weeks
of age, except for KK and KKA” experiments. HFD was administered
for 4 weeks. Cannulae (Plastics One} were inserted stersotacticaily
into lateral ventricles and fixed. On the sampling day, leptin (0.5 ng),
MT-1I (3.5 ng), SHUS119 (1.0 ng), or a combination was administered
in 0.5 yl saline solution at around the start of the light period. The
weight of the food pellet at the start and at the end of the experiment
was measured with a microbalance (A&D). Five to ten g/kg chloral hy-
drate (Nakalai Tesque) was administered through s.c. cannula (PE20,
Becton Dickinson) 2 or 6 hr after i.c.v. injection, and the soleus muscle
was sampled. Successful i.c.v. delivery of the reagents was ensured
by injecting dye to every animal postmortem and omitting data from
those with inadequate distribution of the dye. Plasma glucose and
insulin levels were measured by Glucose C-ll Test Wako (Wako Pure

Chemical Industries) and Insulin ELISA Kit (Morinaga). Animal ex-
periments were performed in accordance with the Kyoto University
guidelines for animal experiments and were approved by the Animal
Research Committes, Kyoto University Graduate Schoo! of Medicine.

Westem Blots

Muscle samples were homogenized as described (Tanaka et al., 2005).
After denaturing, 15 ug per lane of protein was loaded on 10% and
4%-20% SDS-polyacrylamide gels for AMPK and ACC, respectively,
and transferred to PVDF membrane (PerkinElmer). Phosphospecific
antibodies were used for the detection of phospho-AMPK and
phospho-ACC. Antibodies were anti-phospho-Thr172 AMPKa, anti-
AMPKa (Cell Signaling Technology), and anti-phospho-Ser79 ACC
{Upstate). ECL Plus (Amersham), a LAS-1000 image analyzer, and
MultiGauge version 2.0 (Fujifilm) were used for detection and guantifi-
cation.

Statistical Analyses

Data are presented as means + SEM. Comparisons bstween or among
animal groups were performed by Student’s t test or repeated analysis
of variance (ANOVA), where applicable, and completed by Fisher's
probable least-significant-difference test.

Supplemental Data

Supplemental Data include one figure and can be found with this
article online at http://www.cellmetabolism.org/cgi/content/full/5/5/
395/DC1/.
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Abstract

A single bout of exercisc increases the rate of muscle glucose transport (GT) by both insulin-independent and insulin-dependent
mechanisms. The purpose of this study was to determine whether high-fat diet (HFD) feeding interferes with the metabolic activation induced
by moderate-intensity endurance exercise. Rats were fed an HFD or control diet (CD) for 4 weeks and then exercised on a treadmill for
I hour (19 m/min. 15% incline). Insulin-independent GT was markedly higher in soleus muscle dissected immediately afier exercise than in
muscle dissected from sedentary rats in both dictary groups. but insulin-independent GT was 25% lower in HFD-fed than in CD-fed rats.
Insulin-dependent GT in the presence of submaximally eftective concentration of insulin (0.9 amol/L) was also higher in both dietary groups
in muscle dissected 2 hours afler exercise, but was 25% lower in HFD-fed than in CD-fed rats. Exercise-induced activation of 5'adenosine
monophosphate - activated protein kinase, a signaling intermediary leading to insulin-independent GT and regulating insulin sensitivity, was
correspondingly blunted in the HFD group. High-fat diet did not affect glucose transporter 4 content or insulin-stimulated Akt
phospherylation. Our findings provide evidence that an HFD impairs the effects of short-term endurance exercise on glucose metabolism and
that exercise docs not fully compensate for HFD-induced insulin resistance in skeletal muscle. Although the underlying mechanism is

unclear, reduced 5’adenosine monophosphate- activated protein kinase activation during exercise may play a role.

€: 2007 Elsevier Inc. All rights reserved.

1. Introduction

Physical exercise has profound effects on glucose
metabolism in contracting skeletal muscle. Exercise activates
glucose transport (GT) in skeletal muscle by inducing
translocation of glucose transporter 4 (GLUT4) to the cell
surface by insulin-independent and insulin-dependent
mechanisms (reviewed in Hayashi et al [1]). The activity
of insulin-independent G'T is markedly enhanced during
exercise: and this effect wears off within several hours after
exercise, when the postexercise increase in insulin sensitivity

* Corresponding author. Laboratory of Sports and Exercise Medicine.
Graduate School of Human and Environmental Studies, Kyoto University,
Yoshida-nihonmatsu-cho, Sukyo-ku, Kyoto, 606-8501. Japan. Tel.: +81 75
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E-mail address: tatsuva o kuhp kvoto-u.ac jp (T, Hayashi).
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that leads to insulin-dependent GT becomes prominent.
Wallberg-Henriksson et al [2] showed in isolated rat skeletal
muscle that the rate of insulin-independent GT is maximal
immediately after exercise, whereas the postexercise
increase in insulin sensitivity becomes detectable 3 hours
after exercise. Correspondingly, Price et al [3) showed in
human muscle that postexercise glycogen repletion oceurs in
an insulin-independent manner for about | hour after
exercise, after which insulin-dependent glycogen repletion
becomes significant. These exercise-stimulated mechanisms
form the basis of practices to prevent individuals from
developing glucose intolerance and to improve glycemic
control in patients with type 2 diabetes mellitus,

It is of interest to know whether exercise-stimulated
GT, including both the insulin-independent and insulin-
dependent components. is nonmal in the state of insulin
resistance. Although numerous swidies have shown that a
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high-fat diet (HFD} causes insulin resistance tn muscles at
rest, it is unknown whether an HFD interferes with the
short-term stimulatory effect of exercise on insulin sensi-
tivity. Only one study has addressed this topic and
demonstrated that the postexercise increase in muscle
insulin sensitivity is abolished completely in HFD-fed rats
[4]. In that study, however, insulin-dependent GT was
measured before the insulin-independent glucose uptake
wore off (its activity was still 160% higher than the basal
uptake), indicating that the net effect of exercise on insulin
sensitivity was substantially underestimated because of
residual glucose uptake activity. There is considerable
controversy over whether an HFD alters the effects of
short-term exercise on insulin-independent G'1. Most
investigators have reported about 50% reduction in the
rate of muscle GT stimulated by exercise [5-7] and electrical
stimulation [6.8.9] in HFD-fed rodents, although others did
not find these effects [4.10]. Moreover, some studies have
shown that the reduction in insulin-independent GT was not
associated with decreased muscle GLUT4 content [5.6]: but
a conflicting result was also reported [8]. Although Hansen
et al [9] showed that impairment of the exercise-stimulated
Gl is associated with decreased GLUT4 translocation to the
cell surface, the responsible signaling mechanism remains to
be elucidated.

The purposes of our present study were to determine how
HFD affects insulin-independent and insulin-dependent GT
activated by a single bout of endurance exercise and to
explore the underlying mechanism that [eads to the change in
exercise-stimulated glucose utilization. We found that both
components of exercise-induced GT were impaired by an
HFD and that these changes were accompanied by a decrease
in 5’adenosine monophosphate (AMP) activated protein
kinase (AMPK) activation in skeletal muscle of rats fed an
HED for 4 weeks.

2. Materials and methods
2.1 Animals and dicts

Male Wistar rats at the time of weaning were purchased
from Clea Japan (Tokyo, Japan). Animals were fed either
control diet (CD) (MF: 3.6 kcal/g, 12% kcal fat, source:
soybean: Oriental Yeast, Tokyo, Japan) or HFD (D12493:
5.2 keal/g, 60% kceal fat, source: soybean/lard: Rescarch
Dicts, New Brunswick, NJ)} for 4 weeks. All animal
experiments were approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University.

2.2, Exercise and muscle sumpling

The rats were accustomed to a rodent treadmill (Mur-
omachi Kikai, Kyoto, Japan) by running at 14 to 18 m/min
on a 15% grade for 5 minutes on the day before the
experiment. After an overnight fast, rats performed treadmill
running at 19 mymin on a 15% grade for 1 hour or were kept
sedentary. To study insulin-independent GT, excercised rats

were killed by cervical dislocation immediately after the
cessation of running: and the soleus muscles were isolated.
Muscles were incubated in 7 mL Krebs-Ringer bicarbonate
buffer containing 2 mmol/L pyruvate (KRBP) at 37°C for 20
minutes, and then 3-O-methyl-np-glucose (3MG) uptake
activity was determined as descnbed previously [11-14].
Muscles dissected from sedentary rats were treated similarly.
Some of the muscles were frozen in liquid nitrogen
immediately after dissection for analysis of isoform-specific
AMPK activity and Western blotting of phosphorylated
AMPKa and phosphorylated acetyl-coenzyme A carbox-
ylase (ACC). Muscles from sedentary animals were also
analyzed by Western blotting of total AMPKa and GLUT4.
For histochemical analysis, soleus muscles were isolated
from sedentary animals and frozen in dry ice-cooled 2-
methylbutane. Abdominal fat (epididymal, retroperitoneal,
and mesenteric fat pads) was collected from sedentary
animals and weighed. To study the postexercise effect on
insulin-dependent GT, exercised and sedentary rats were
placed in separate cages with free access to drinking water
but without food for 2 hours, after which the rats were killed
by cervical dislocation and the soleus muscles were
dissected. Isolated muscles were incubated for 30 minutes
in KRBP in the absence or presence of half-maximally
effective insulin (0.9 nmol/L) at 37°C, and then 3MG uptake
was determined. Some muscles were frozen in liquid
nitrogen immediately after incubation for Western blotting
of phosphorylated Akt, a signaling intermediary leading to
insulin-stimulated GT. To measure glycogen and triglycer-
ide content, muscies were isolated from sedentary rats and
from exercised rats immediately and 2 hours after exercise,
and frozen in liquid nitrogen. We chose soleus muscle
because our preliminary studies showed that soleus muscle
provided the most prominent activation of insulin-indepen-
dent and insulin-dependent GT in response to exercise
compared with other muscles including extensor digitorum
longus and epitrochlearis.

2.3. 3MG uptake

To assay G'T, incubated muscles were transferred to 2 mL
Krebs-Ringer bicarbonate buffer containing 1 mmol/L 3-0-
[methyl-* H]-p-glucose (1.5 pCiymL) (American Radiola-
beled Chemicals, St Louis, MO) and 7 mmol/L p-["'C]
mannitol (0.3 uCi/mL) (PerkinElmer Life Science, Boston,
MA) at 30°C and incubated for 10 minutes [11-14). The
muscles were weighed and processed by incubating them in
450 uL of 1 mol/L NaOll at 80°C for 10 minutes. Digestates
were neutralized with 1 mol/L HC, and particulates were
precipitated by centrifugation at 20000g for 2 minutes.
Radioactivity in aliquots of the digested protein was
determined by liquid scintitlation counting for dual labels.

2.4 Isoform-specific AMPK acitivin: assay

Muscles were treated as deseribed [H1-14]. Frozen
muscles were homogenized in ice-cold lysis buffer (1:40
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wt/vol) containing 20 mmol/L Trs-HCI (pH 7.4), 1% Triton
X-100, 50 mmol/L. NaCl, 250 mmol/L sucrose, 50 mmol/L
Nak, 5 mmol/L sodium pyrophosphate, 2 mmol/L dithio-
threitol, 4 mg/L leupeptin, SO 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. The supermnatants (100 ug of protein)
were immunoprecipitated with antibodies directed against
the 2] or 22 catalytic subunits of AMPK [11] and protein
A-Sepharose CL-4B (Amersham, Buckinghamshire, United
Kingdom). Kinase reactions were performed in the presence
of SAMS peptide [11], and then **P incorporation was
quantitated with a scintillation counter.

2.5. Western blotting

For analysis of phosphorylated AMPKx, total AMPKa,
phosphorylated ACC, and phosphorylated Akt, muscles
were homogenized in lysis buffer used for isoform-specific
AMPK activity. Lysates were solubilized in Lacmmli sample
buffer containing mercaptoethanol and boiled. For analysis
of GLUT4, muscles were homogenized in ice-cold buffer
containing 250 mmol/L sucrose, 20 mmoVbL 2-[4-(2-hydroxy-
ethyl)-1-piperadinyl] ethonsulforic acid (HEPES) (pH 7.4),
and I mmol/L EDTA, and centrifuged at 1200g for 5 minutes.
The supernatant was centrifuged at 200 000g for 60 minutes
at 4°C. The resulting pellet was solubilized in Lacmmli
sample buffer containing dithiothreitol. Samples were
subjected to sodium dodecyl sulfate - polyacrylamide gel
electrophoresis, and proteins were transferred to polyviny-
lidene difluoride membranes (PolyScreen: PerkinElmer,
Wellesley, MA). Blocked membranes were incubated with
phosphospecific AMPKa Thr'”? (Cell Signaling Technol-
ogy, Beverly, MA), total AMPKa (Cell Signaling Technol-
ogy), phosphospecific ACC Ser’” (Upstate Biotechnology,
Lake Placid, NY), phosphospecific Akt (Scr”"’) (Cell
Signaling Technology), and GLUT4 (Biogenesis; South
Coast, United Kingdom) antibodies. Proteins were visualized
with enhanced chemiluminescence reagents (Amersham).
The signal was quantified with a Lumino-limage Analyzer
LAS-1000 System (Fuji Photo Film, Tokyo, Japan).

2.6. Histochemical analysis

Serial sections (10 pm thick) were used for muscle fiber
typing and intramyocellular lipid (IMCL) measurement. To
determine muscle fiber type (type 1, lla), myosin adenosine
triphosphatase (ATPase) staining was performed as
described [15.16]. Sections were incubated in acidic (30
mmol/L sodium barbital and 50 mmol/L sodium acetate,
adjusted to pH 4.3 with HCI) or alkaline buffer (50 mmol/L
CaCly and 75 mmol/'L NaCl, adjusted to pH 10.6 with
NaOH) and then incubated in staining buffer (2.8 mmol/L
adenosine triphosphate, 50 mmol/L CaCl,, 75 mmol/L
NaCl, adjusted to pH 9.4 with NaOH), followed by
immersion in 1% CaCl,, 2% CoCls, and 1%% (NH,),S. The
sections were treated in cthanol and xylol, dried in the air,

and then mounted with Aquatex (Merk, Darmstadt,
Germany). Fiber type distribution was determined by
counting the number of each fiber type in 100 contiguous
fibers in a muscle section. To determine IMCL content, the
oil red O (ORO) staining procedure and stained arca
measurement were performed as described [17]. Sections
were incubated with formaldehyde-methanol (1:1 vol/vol)
and then incubated with ORO solution followed by
extensive wash with distilled water. The sections were
dried in the air and then mounted with Aquatex. Images
from each section were saved as gray-scale images, and the
digitized data were then analyzed using the freeware Image)
software (htep://rsb.info.nih.govs). The amount of IMCL in
each fiber was quantified as the percentage of the area
occupied by ORO-stained droplets (total area occupied by
lipid droplets of a muscle fiber) x 100/total cross-sectional
area of the fiber. Lipid area was calculated for cach of 3
different fields within the section, and a mean percentage
was then calculated for each muscle [17].

2.7. Muscle glvcogen and triglveeride content measuremennt

Glycogen content was assayed as described [12,14].
Frozen muscles were weighed and digested in 1 mol/L
NaOH (1:9 wt/vol) at 80°C for 10 minutes. The digestates
were neutralized with 1 mol/L HCI, and then 6 mol/L HCI
was added to obtain a final concentration of 2 mol/L LICl,
The digestates were incubated 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 (Glucose ClI
Test: Wako, Osaka, Japan). Triglyceride content was
measured as described [18]. Total lipids were extracted
from muscles with isopropyl alcohol - heptane (1:1 vol/vol)
and saponified in ethanolic KOH (0.5 mol/L). Free glycerol
concentration was then determined using a commercial kit
(Triglyceride E Test: Wako).

2.8. Blood sample analvsis

Blood samples were collected from the tail vein using
heparinized glass tube 3 days before the experimental day
after an overnight fast. Plasma levels for glucose (Glutest-
Ace: Sanwa Kagaku Kenkyusyo, Nagoya, Japan), insulin
(rat insulin ELISA kit: Morinaga, Yokohama, Japan), leptin
(rat leptin radioimmunoassay kit: LINCO, St Charles, MO),
triglycerides (Triglyceride E Test: Wako), and lactate
(Lactate Pro: Arkray, Kyoto, Japan) were measured. Lactate
concentration was also measured on the experimental day
immediately after exercise.

2.9. Statistical analvsis

Results are presented as means = SE. The significance
of difference between 2 groups was evaluated using
Student ¢ test. Multiple means were compared by analysis
of variance followed by post hoc analysis using Dunn’s
procedure. P < .05 was considered statistically significant.
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3. Results

3.1. Metaholic parameters in rats fed the CD and HFD

Table 1 summarizes the basic characteristics of the CD-
and HFD-fed rats (lable 1). Rats fed the HFD for 4 weeks
were slightly heavier and had higher plasma concentrations
of glucose, insulin, wiglycerides, and leptin than did
CD-fed rats.

3.2 HFD increases IMCL in soleus

We analyzed the influence of HFD on IMCL concentra-
tion by ORO staining (Fig. 1A-B). Muscle fiber type was
determined by myofibrillar AlPase histochemical staining
(Fig. 1C-F). The fiber type proportions did not differ
significantly between CD-fed and HFD-fed rats (CD,
80.7% = 1.2% type 1 and 19.3% = 1.2% type lla fibers:
HFD, 79.2% = 2.5% type 1 and 20.8% = 2.5% type lla
fibers). In both muscle fiber types, the IMCL content in
HFD-fed rat muscle was twice as high as that in muscles
from CD-fed rats. In CD-fed rats, the IMCL content was
2.3% = 0.5% in type | fibers and 5.9% — 1.3% in type lla
fibers. In HFD-fed rats, the respective values were 4.5% =
0.9% and 12.8% = 2.0% (P <.05 vs CD) (Fig. 1G). The
IMCL content in the total soleus muscle was also twice as
high in the HFD group than in the CD group (3.0% = 0.7% vs
6.2% = 1.0%, P <.05) (Fig. 1G).

3.3. HFD antenuates activation of insulin-independent G T

induced by one bout of endurance exercise

To analyze insulin-independent GT stimulated by one
bout of exercise, soleus muscles were dissected and 3MG
uptake was determined ex vivo in the absence of insulin
immediately after exercise (Fig. 2). Exercise clicited
significant activation of insulin-independent 3MG uptake
by 3.4 times in muscles from CD-fed rats and by 2.9 times
in muscles from HFD-fed rats. However, the rate of insulin-
independent 3MG uptake stimulated by exercise was 25%
lower in muscles from HFD-fed rats (0.15 = 0.02 umol/[g h])
than in muscles from CD-fed rats (0.11 = 0.01 umol/[g h})

Table 1
Metabolic parameters in rats under HFD and CD feeding

D HFD
Body weight (g) 193 =2 203+ 3%
Food intake (kcal/d) S4- 1 KL
Plasma glucose {mg.dl.) 78=2 88 = 2%
Plasma insulin (mg.di.) 1.3 201 252 02%
Plasima triglycerides {mg.dL) 98 - 4 122 - 8*
Plasima leptin (ng/ml.) 1.6 2 0.2 7604
Abdominal fat (g) 53:-03 9.7 = 04*

Male Wistar rats at the time of weaning were ted CID or HFD for 4 weeks.
Body weight, abdominal fat weight, and plasma parameters were measured
at the end of week 4. Blood samples were obtained after an overnight tast at
9:00 to 11:00 aM. Data are means .= SE: n = 6 to 19 per group.

* P <05 vs CD-fed group.

(P < .05). Basal glucose uptake was not affected by
dietary manipulation.

3.4. One bout of endurance exercise activates
insulin-dependent GT afier exercise, but dves not

Sfully compensate for insulin resistance ' in muscle from

HFD-fed rats

The effect of the HFD on insulin-dependent GT is shown
in Fig. 3. The rate of insulin-dependent 3MG uptake was
59% lower in muscles from sedentary HFD-fed rats than in
sedentary CD-fed rats (0.12 = 0.02 vs 0.05 + 0.01 umol/[g
h], P <.05), indicating marked insulin resistance in the HFD-
fed animals (Fig. 3; insulin+, sedentary). Two hours after
exercise, when insulin-independent 3MG uptake stimulated
by exercise had declined significantly (Fig. 3: insulin—, 2
hours postexercise), insulin-dependent 3MG uptake was
markedly higher in muscles from exercised animals than in
muscles from sedentary rats in both dietary groups (Fig. 3:
insulin+, 2 hours postexercise). The net increase in the rate of
insulin-stimulated 3MG uptake was similar in both dietary
groups (CD, 0.33 = 0.03 pmol/[g h] vs HFD, 027 = 0.02
wmol/[g h]). However, the rate of insulin-stimulated 3MG
uptake was still 25% lower in HFD-fed rats than in CD-fed
rats (0.36 = 0.03 vs 0.27 = 0.03 umol/[g h], P <.05).

3.5. HFD attenuates muscle AMPKa2 activation by one
bout of endurance exercise

We evaluated whether the HFD affects muscle AMPK
activity, a signaling intermediary leading to insulin-
independent GT [12.19-21] and regulation of insulin
sensitivity [22-24]. Neither diet nor one bout of exercise
had an effect on AMPKal activity (Fig. 4A). In contrast,
exercise increased AMPKa2 activity by 1.6 times in muscle
from CD-fed rats (P <.05), whereas in muscle from HFD-
fed rats, AMPKa2 activation did not change significantly
(Fig. 4B). Interestingly, the basal AMPKa2 activity was
1.3 times higher in muscle from HFD-fed rats than from
CD-fed rats (P < .05), whereas the AMPK22 activity
immediately after exercise was similar in both dietary
groups (Fig. 4B). Therefore, the exercise-mediated response
of AMPK=2 activity was significantly lower in HFD-fed
than in CD-fed rats. This is consistent with the findings of
AMPKa2 activity: exercise increased phosphorylation of
the Thr172 residue of AMPKz, an essential site for full
kinase activation (Fig. 4C), and the Ser79 residue of ACC,
a known substrate of muscle AMPK (Fig. 4D), in muscles
from CD-fed animals, but not in HFD-fed animals. The
protein level of AMPKa did not differ between muscles
from both dietary groups (Fig. 4E).

3.6. One bout of endurance exercise dose not affect
nsulin-stimulated phosphorviation of muscle Akt in CD- and
HFD-fed rats

To detenmine whether HFD impairs the downstream of
phosphatidylinositol 3-kinase (P1-3 kinase), we measured the
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Fig. 1. High-fat diet increases IMCL content in soleus muscle. Representative transverse sections of soleus muscle dissected from CD-fed (A, C.,and E) and
HFD-fed (B, 1D, and F) rats (0> magnification). A and B, Ol red O staining of INICL_ Qi) red O stains neutral lipid (mainly triglyeerides) with an erange-red tint,
and lipid droplets are seen as distinct spots of stain (A, B). C and D, Myosin ATPase staining (pl] 4.3). Light and dark fibers are type Ia and I, respectively (C, D).
Eand F, Myosin ATPase staining (pH 10.6). Light and dark fibers are type 1 and Ha, respectively (F. F). G, Fiber tvpe - specific IMCL content, expressed as a
percentuge of the area of lipid stained. Data are means = SE:n = 7 per group. *P < 03 vs CD-fed group.
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