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Fig, 3. Exercise tolerance and AMPK activity after low-intensity exercise.
A: endurance capacity shown as a Kaplan-Meier survival curve. Ten male nice
from the a;-AMPK-DN (line C) and § male mice from the WT littlermates
(each 20 wk old) were exercised by forced running on a treadmill for 30 min
at 10 m/min (low-intensity) and then at 30 m/min (high-intensity) for 30 min
or until exhaustion, Significant difference (P = 0.014, log-rank test) was
observed in the endurance capacity of these mice. B: glycogen levels in
gastrocnemius. Mice were killed at indicated times after initiation of exercise;
40 min indicated 10 min after high-intensity exercise (n = 3-7 in each group
of mice). *P <2 0.05 < 0.01. C: changes in oy~ and o2-AMPK subunit
activities in skeletal muscle (gastrocnemius) from ai-AMPK-DN (line C) mice
and WT littermates after exercise. Skeletal muscles were obtained from
,-AMPK-DN and WT littennates just after 6 h of low-intensity treadmill
exercise (After exercise) or during the resting state (Resting). AMPK activity
was measured in immunoprecipitates. Values, expressed as percentage of
values in WT littermates, are means = SE of 5 mice (15 wk old). *P < 0.05
vs. resting mice. T7P < 0.0): 7P < 0,001 vs. WT littermates.

their WT littermates (Fig. 3C). Compared with the resting
state, 6 h of exercise increased «;-AMPK activity by 2-fold
and a-AMPK activity by 1.4-fold in WT littermates, whereas
the increases in a;-AMPK and a;-AMPK activities in response
to exercise were not observed in o;-AMPK-DN mice. Even
after a session of exercise, both a- and a-AMPK activities
were still significantly (P < 0.01 and P < 0.001, respectively)
lower in a-AMPK-DN (line C) mice when compared with
WT mice. Similar results were observed in line E mice (data
not shown). In this experiment, a;-AMPK activity under rest-
ing conditions in a;-AMPK-DN mice tended to be lower but
was not significantly different to WT littermates. This might be
due to low sample sizes, because the other six independent
experiments showed statistically significant reductions in o-
AMPK activity in o;-AMPK-DN mice (data unot shown).
These data indicated that a marked inhibition of - AMPK
activities persisted after the session of exercise.

Indirect calorimetry. during exercise. To examine which
substrate was preferentially utilized during exercise in oy-
AMPK-DN mice, oxygen consumption and carbon dioxide
production were monitored during low-intensity exercise and
the glucose and lipid oxidation rate were calculated. We
examined male and female mice at 2 mo of age (Fig. 4). In a
sedentary state, the oxygen consumption and carbon dioxide
production did not differ between WT littermates and -
AMPK-DN mice in either male or female specimens. Although
data obtained at the beginning of exercise were affected by
rapid gas exchange in the lung, the low-intensity exercise
increased both the oxygen consumption and carbon dioxide
production by 1.2- 1o 1.4-fold in both WT and «,-AMPK-DN
mice, irrespective of sex. Calculated RQ ratio, glucose oxida-
tion rate, lipid oxidation rate, and energy production rate while
the mice were sedentary and during exercise did not differ
between the WT and «-AMPK-DN mice in either male or
fernale specimens. We repeated the same experiments on mice
at 6 mo of age and found that both groups of mice could
increase lipid oxidation in response to low-intensity exercisc
(data not shown). There were no significant differences in
exercise effects on plasma free fatty acids (FFA) concentra-
tions between WT littermates and o;-AMPK-DN mice. After
1 h of low-intensity exercise, FFA concentrations were in-
creased from 0.37 * 0.06 to0 0.53 = 0.04 meqg/l (n = D in WT
littermates and from 0.28 = 0.04 to 0.48 = 0.08 (n = 6) in
o;-AMPK-DN mice, respectively. These data suggest that
while sedentary and during low-intensity exercise, glucose and
lipid oxidation did not differ in between WT littermates and
a;-AMPK-DN mice.

Palmitate oxidation in isolated skeletal muscles. To measure
the rate of fatty acid oxidation in skeletal muscle during
exercise directly, production of *COx from ['*Clpalmitate was
measured ex vivo using isolated muscle obtained immediately
after low-intensity exercise (10 m/min) for 30 min (Fig. 5). In
soleus muscle (type L. slow-twitch muscle), the basal rate of
palmitate oxidation was not impaired in o;-AMPK-DN mice.
Low-intensity exercise increased the rate of palmitate oxida-
tion by 1.3-fold both in WT littermates and o;-AMPK-DN
mice. The increase in fatty acid oxidation was observed in
another type of skeletal muscle, EDL, known as a type 1l rich
fiber muscle. In EDL muscle, the increase in palmitate oXida-
tion in response to low-intensity exercise was 1.4-fold. There
was no discernable difference between WT littermates and
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a-AMPK-DN mice for palmitate oxidation in response to
low-intensity exercise. These data suggest that the deficiency
of a,-AMPK activity in skeletal muscle did not affect the rate
of fatty acid oxidation in response to low-intensity exercise.

DISCUSSION

A Tow-intensity exercise session increased fatty acid oxida-
tion in o, AMPK-deficient «;-AMPK-DN transgenic mice

in vivo and ex vivo, suggesting that activation of a>-AMPK is
not necessary for increased fatty acid oxidation in response to
low-intensity exercise. Since changes in RQ ratio and oxygen
utilization in the fasting state were not altered between o-
AMPK-DN transgenic mice and WT littermates, «2-AMPK in
skeletal muscle might not play a major role in the shift to fatty
acid oxidation from glucose oxidation under fasting conditions.
A similar decrease in body weight in response to fasting (no
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Fig. 5. Palmitate oxidation in isolated soleus (A) and EDL (B) muscle strips
before and after exercise, Male «;-AMPK-DN (line C) mice and WT litter-
mates (2 mo old) were assigned to the two groups. One group was kept
sedentary, while the other group was sabjected to the treadmill at a speed of 10
w/min for 30 min. Dissected nmuscles were immediately used for the measure-
ment of palmitate oxidation. Values are means = SE of 3 mice. *P < 0.05 vs.
sedentary. No signiticant difference is observed between oa-AMPK-DN vs.
WT littermates.

energy intake) also suggested that energy expenditure was not
altered in o -AMPK-DN transgenic mice.

Our data are in good agreement with an observation that
swimming increased oleate oxidation in EDL from AMPK
mutant-overexpression Tg-Prkag3**>? mice and AMPK 13-
knockout mice, similarly to that observed from WT mice (3).
EDL is glycolytic (white, fast-twitch type 11) muscles. Normal
fatty acid oxidation in soleus (red. slow-twitch-type I) muscles
in response to low-intensity exercise was also observed in
o;-AMPK-DN mice (Fig. 5B). suggesting that o;-AMPK ac-
tivity is not essential for an increase in fatty acid oxidation
during low-intensity cxercise, irrespective of fiber type. In
humans, there was a discrepancy between ACC phosphoryla-
tion (a marker of AMPK activation) and fatty acid oxidation. A
high-intensity exercise session increased ACC phosphoryla-
tion in the vastus lateralis muscle; however, fatty acid
oxidation was not increased with increasing exercise inten-
sity (9). In prolonged low-intensity exercise (45% of max-
imum oxygen consumption), ACC phosphorylation in the
vastus lateralis muscle was reduced, whereas fatty acid
oxidation increased (43). In perfused rat hindquarters, low-
intensity muscle contraction by electrical stimulation of sciatic
nerve induced an increase in fatty acid oxidation and a reduc-

tion in malonyl CoA muscle content without changes in AMPK
activation and ACC activities, also suggesting that AMPK
activation is not critical in the regulation of fatty acid oxidation
during low-intensity muscle contraction (32). AICAR may
increase fatty acid oxidation via AMPK activation (26), but
low-intensity exercise increases fatty acid oxidation via
AMPK-independent mechanism.

Malonyl-CoA is a potent inhibitor of CPT1 (25). AMPK
may enhance fatty acid oxidation in skeletal muscles, as in the
liver, by inactivation of ACC via phosphorylation, thereby
reducing the synthesis of malonyl-CoA (42), and by activation
of malonyl-CoA decarboxylase, the enzyme converting malo-
nyl-CoA to acetyl-CoA (29). The importance of ACC2 was
supported from the finding that ACC2-knockout mice exhib-
ited increased fat oxidation and reduced fat storage (1). How-
ever, malonyl-CoA does not exclusively account for the reduc-
tion of all fat oxidation. CPT! activity was also modified by
cytosolic acetyl CoA, carnitine, and pH (21). Other factors that
may affect fatty acid oxidation include the fatty acid concen-
tration, proteins that regulate fatty acid transport, and blood
flow (21). It is possible that these factors may contribute to an
increase in fatty acid oxidation during low-intensity exercise.

Activation of a,-AMPK was not essential for increased fatty
acid oxidation in response to low-intensity exercise, raising the
possibility that «~AMPK may play a regulatory role. A sub-
stantial amount of o;-AMPK remained in o;-AMPK DN mice
both in a sedentary state and after low-intensity exercise (Figs.
1B and 3C). It was proposed that residual o,-AMPK activity in
the a,-AMPK-DN mice may largely stem from nonmuscle
a-AMPK activity and that the partial reduction in «;-AMPK
activity in w,-AMPK DN mice could reflect a marked reduc-
tion of a;-AMPXK activity in muscle cells (13, 28). If this is the
case, a;-AMPK is not essential for increased fatty acid oxida-
tion in response to low-intensity exercise, either. However,
using a;-AMPK knockout mice, it was recently reported (17)
that the increase in o;-AMPK activity in soleus muscle was
required for increased glucose uptake in response o ex vivo
twitch contraction. Although it is unknown whether low-
intensity twitch contraction ex vivo is relevant to low-intensity
exercise in vivo, it is also conceivable that a;-AMPK might be
involved in an increased fatty acid oxidation in response to
low-intensity exercise.

Intolerance of exercise is observed in various metabolic
conditions. In humans, depletion of muscle glycogen results in
fatigue and impaired muscle performance and is a major
determinant of endurance (16). However, in mice, it is shown
that muscle glycogen is not essential for exercise, since gly-
cogen null mice (the MGSKO mouse that disrupted the muscle
isoform of glycogen synthase) do not exhibit impaired exercise
tolerance compared with their WT littermates (31). In addition.
a genetically modified mouse model (GSL30), which overac-
cumulates glycogen due to overexpression of a hyperactive
form of glycogen synthase, does not possess improved exercise
performance (30). Therefore, although we observed a reduction
in glycogen content before and after exercise in a;-AMPK-DN
relative to WT littermates, it is not clear that compromised
carbohydrate availability in o;-AMPK-DN mice was a mech-
anism by which these animals lack high-intensity exercise
tolerance. Mice with muscle-specific disruption of the gene
encoding the GLUT4 have normal muscle glycogen levels but
are impaired in their ability to exercise (38). Expression of
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GLUT4 measured by Northern blots in gastrocnemius did not
differ between o -AMPK-DN mice (99 + 5%.n = 7) and WT
littermates (100 + 4%, n = 7). Switching to more oxidative
muscle fibers may lead to an increase in exercise endurance
(39). Expressions of COX2 and COX4 mRNA (mitochondrial
enzymes rich in oxidative muscle fibers) in gastrocnemius did
not differ between «;-AMPK-DN mice and WT littermates in
this study [COX2: 100 x 2% (n = 7) in WT littermates and
113 # 2% (n = 7) in a-AMPK-DN mice; COX4: 100 = 4%
(n = 7) in WT littermates and 110 %= 1% (n = 7) in
a;-AMPK-DN mice]. The reason for intolerance in high-
intensity exercise observed in o) -AMPK-DN mice is unclear at
present.

In humans, peripheral lipolysis was stimulated maximally at
the lowest exercise intensity (25% of maximal oxygen con-
sumption), whereas plasma glucose tissue uptake and muscle
glycogen oxidation increased in relation to exercise intensity
(34). However. prolonged low-intensity exercise (30% of max-
imal oxygen consumption) increased FFA oxidation progres-
sively. while glucose oxidation was reduced (2). Therefore,
fatty acid oxidation in low-intensity exercise is physiologically
important for reduction of fat mass and its mechanism should
be clarified. In summary, we suggest that an increased oo-
AMPK activity is not essential for increased skeletal muscle
fatty acid oxidation during endurance exercise.
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Rimonabant has been shown to not only decrease the food
intake and body weight but also to increase serum adiponec-
tin levels. This increase of the serum adiponectin levels has
been hypothesized to be related to the rimonabant-induced
amelioration of insulin resistance linked to obesity, although
experimental evidence to support this hypothesis is lacking.
To test this hypothesis experimentally, we generated adi-
ponectin knock-out (adipo(—/=))ob/ob mice. After 21 days
of 30 mg/kg rimonabant, the body weight and food intake
decreased to similar degrees in the ob/ob and adipo(—/—)-
ob/ob mice. Significant improvement of insualin resistance
was observed in the ob/ob mice following rimonabant treat-
ment, associated with significant up-regulation of the plasma
adiponectin levels, in particular, of high molecular weight
adiponectin, Amelioration of insulin resistance in the ob/cb
mice was attributed to the decrease of glucose production and
activation of AMP-activated protein kinase (AMPK) in the
liver induced by rimonabant but not to increased glucose
uptake by the skeletal muscle. Interestingly, the rimonabant-
treated adipo(—/—)ob/ob mice also exhibited significant
amelioration of insulin resistance, although the degree of
improvement was significantly lower as compared with that
in the ob/ob mice. The effects of rimonabant on the liver
metabolism, namely decrease of glucose production and acti-
vation of AMPK, were also less pronounced in the adipo(—/-)-
ob/ob mice. Thus, it was concluded that rimonabant amelio-
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rates insulin resistance via both adiponectin-dependent and
adiponectin-independent pathways.

The prevalence of obesity has increased dramatically in
recent years (1, 2). It is commonly associated with type 2 diabe-
tes, coronary artery disease, and hypertension, and the coexist-
ence of these diseases in subjects has been termed the metabolic
syndrome (3). There is a demand for effective and safe anti-
obesity agents that can produce and maintain weight loss and
improve the metabolic syndrome.

The newly discovered endocannabinoid system, consist-
ing of the CB-1 (cannabinoid type-1) receptor and endoge-
nous lipid-derived ligands, contributes to the physiological
regulation of energy balance, food intake, and lipid and glu-
cose metabolism, through both central orexigenic effects
and peripheral metabolic effects (4—11). The endocannabi-
noid system is overactivated in genetic animal models of
obesity (4, 6), and the selective CB-1 blocker, rimonabant,
produces weight loss and ameliorates metabolic abnormali-
ties in obese animals (12, 13). Patients with obesity and
hyperglycemia associated with type 2 diabetes exhibit higher
concentrations of endocannabinoids in the visceral fat and
serum, respectively, than the corresponding controls (14).
Rimonabant has been shown to produce substantial weight
loss and reduction of waist circumference and also improve
insulin resistance and the profile of several metabolic and
cardiovascular risk factors in diabetic as well as nondiabetic
obese patients (15-18).

Adiponectin is an adipokine that is specifically and abun-
dantly expressed in the adipose tissue and released into the
circulation, which directly sensitizes the body to insulin (19,
20). Administration of recombinant adiponectin to rodents
increases the glucose uptake and fat oxidation in muscle, reduces
hepatic glucose production, and improves whole body insulin sen-
sitivity (21-23). Adiponectin-deficient (adipo(—/—)) mice exhibit
insulin resistance and glucose intolerance (24, 25). Previous stud-
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ies have shown that adiponectin stimulates fatty acid oxidation in
the skeletal muscle and inhibits glucose production in the liver by
activating AMP-activated protein kinase (AMPK)? (26-29). We
also reported that pioglitazone may induce amelioration of insulin
resistance and diabetes via an adiponectin-dependent mechanism
in the liver and an adiponectin-independent mechanism in the
skeletal muscle (30).

Rimonabant has been shown to increase the plasma adi-
ponectin levels in animal models of obesity and diabetes as well
as in both diabetic and nondiabetic subjects (15, 31, 32). The
results of the RIO-Lipids study provided evidence of a weight
loss-independent effect of rimonabant on the plasma adi-
ponectin levels (15). Furthermore, the metabolic improve-
ments induced by rimonabant could be attributed, at least in
part, to a moderate but significant increase in the plasma
circulating adiponectin levels (15). However, whether the
rimonabant-induced increase in the plasma levels of adi-
ponectin might be causally involved in the effects of rimon-
abant, in particular its insulin-sensitizing effects, has not
been addressed experimentally.

To address this issue, in the present study, we used
adipo(—/—)ob/ob mice (30) to investigate whether rimonabant
might be capable of ameliorating insulin resistance in the
absence of adiponectin. We found that rimonabant signifi-
cantly decreased the body weight and food intake to similar
degrees in the ob/ob and adipo(—/—)ob/ob mice. Furthermore,
we found significant amelioration of the insulin resistance in
the ob/ob mice, in association with significant up-regulation of
the serum adiponectin levels after 21 days of treatment with
rimonabant at 30 mg/kg, body weight. The amelioration of
insulin resistance in the ob/ob mice was attributed to the
decrease of glucose production and activation of AMPK in the
liver but not the increased glucose uptake by the skeletal mus-
cle, induced by the drug. Interestingly, insulin resistance was
also significantly, although only partially, improved in the
adipo(—/—)ob/ob mice. Thus, the results suggest that rimon-
abant ameliorates insulin resistance via both adiponectin-de-
pendent and adiponectin-independent pathways.

EXPERIMENTAL PROCEDURES

Animals and Genotyping—The mice were housed under a
12-h light/dark cycle and fed standard chow, CE-2 (CLEA Japan
Inc., Tokyo, Japan). The composition of the chow was as fol-
lows: 25.6% (w/w) protein, 3.8% fibet, 6.9% ash, 50.5% carbohy-
drates, 4% fat, and 9.2% water. Ob/ob and adipo(—/—)ob/ob
mice were generated by intercrossing adipo(+/—)ob/+ mice.
All the mice were maintained on a C57B1/6 background (30).
All of the experiments in this study were conducted on 16 —-20-
week-old male littermates. The animal care and experimental
procedures were approved by the Animal Care Committee of
the University of Tokyo.

Rimonabant Treatment Study—-Rimonabant (SR141716) or
vehicle (0.1% Tween 80 in saline) was administered to ob/ob
and adipo(—/—)ob/ob mice at a dose of 30 mg/kg body weight

2 The abbreviations used are: AMPK, AMP-activated protein kinase; PEPCK,
phosphoenoclpyruvate carboxykinase; WAT, white adipose tissue; TG, trig-
lyceride; FFA, free fatty acid; HMW, high molecular weight. :
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by oral gavage, once daily for 21 consecutive days. Rimonabant
was kindly provided by Sanofi-Aventis (Montpellier, France).
We measured the body weights and food intake of the mice
once daily for 21 consecutive days.

Hyperinsulinemic- Euglycemic Clamp Study—Clamp studies
were carried out as described previously (30) with slight modi-
fications. In brief, 2 days before the study, an infusion catheter
was inserted into the right jugular vein under general anesthesia
induced by sodium pentobarbital. Studies were performed on
the mice under conscious and unstressed conditions after 8 h of
fasting, A primed continuous infusion of insulin (Humulin R;
Lilly) was administered (25.0 milliunits/kg/min), and the blood
glucose concentration, monitored every 5 min, was maintained
at 100—-130 mg/dl by administration of glucose (5 g of glu-
cose/10 ml enriched to ~20% with [6,6-"H,]glucose (Sigma))
for 120 min. Blood was sampled via tail tip bleeds at 90,105, and
120 min for determination of the rate of glucose disappearance
(R,). R, was calculated according to nonsteady-state equations
(30), and endogenous glucose production was calculated as the
difference between the R, and the exogenous glucose infusion
rate (30),

Western Blot Analysis—Tissues were excised and homoge-
nized in ice-cold buffer A (25 mm Tris-HCl (pH 7.4}, 10 mM
sodium orthovanadate, 10 mi sodium pyrophosphate, 100 mM
sodium fluoride, 10 mm EDTA, 10 mm EGTA, and 1 mn phen-
yimethylsulfonyl fluoride). The sample buffer for analysis under
reducing conditions was composed of 3% SDS, 50 mni Tris-HCl
(pH 6.8), 5% 2-mercaptoethanol, and 10% glycerol. Samples
were mixed with 5X sample buffer, heated at 95 °C for 5 min for
heat denaturation, separated on polyacrylamide gels, and then
transferred to a Hybond-P polyvinylidene difluoride transfer
membrane (Amersham Biosciences). Bands were detected with
ECL detection reagents (Amersham Biosciences). To examine
the Akt and AMPK phosphorylation and protein levels, lysates
of liver and muscle were analyzed using anti-phospho-Akt (Cell
Signaling Technology, Inc., Beverly, MA), anti- Akt (Cell Signal-
ing Technology, Inc.) antibody, anti-phospho- AMPK (Cell Sig-
naling Technology, Inc., Beverly, MA), and anti-AMPK (Cell
Signaling Technology, Inc.) antibodies. For the analysis under
nonreducing conditions, 2-mercaptoethanol was excluded
from the sample buffer described above. To examine the iso-
forms of adiponectin, the serum samples were diluted 20-fold.
Anti-mouse adiponectin antiserum was obtained by immuniz-
ing rabbits with the globular domain of mouse recombinant
adiponectin produced in Escherichia coli (21).

Tissue Sampling for Insulin Signaling Pathway Study—Mice
were anesthetized after 16 h of starvation, and 0.05 unit of
human insulin (Humulin R; Lilly) was injected into the inferior
vena cava. After 5 min, the liver was removed, and the speci-
mens were used for protein extraction as described above.

Plasma Adiponectin and Lipid Measurements—The mice
were deprived of access to food tor 16 h before the measure-
ments. The plasma adiponectin levels were determined with a
mouse adiponectin enzyme-linked immunosorbent assay kit
(Otsuka Pharmaceutical Co., Ltd:, Tokyo, Japan). Serum trig-
lyceride and free fatty acids (Wako Pure Chemical Industries
I.td., Osaka, Japan) were assayed by enzymatic methods.
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Measurement of Adipocyte Size—Epididymal white adipose
tissue and subcutaneous fat were routinely processed for paraf-
fin embedding, and 4-pm sections were cut and mounted on
silanized slides. The adipose tissue sections were stained with
hematoxylin and eosin, and the total adipocyte area was man-
ually traced and analyzed using the Win ROOF software
(Mitani Co. Ltd., Chiba, Japan). The white adipocyte area was
measured in 200 or more cells/mouse in each group, in accord-
ance with a previously described method (30), with slight
modifications.

Oil Red O Staining and Quantification—Lipid accumulation
was assessed by Oil Red O staining in 6-um frozen sections of
the liver fixed in phosphate-buffered 4% paraformaldehyde,
according to a previously described method (33) with slight
modification. In brief, the livers were washed once for 1 min
with H,0. After an additional wash for 1 min with 60% isopro-
pyl alcohol, the livers were stained for 10 min at 37 °C with
freshly diluted Oil Red O solution (6 parts of Oil Red O stock
solution and 4 parts of H,O; the Oil Red O stock solution con-
tained 0.5% Oil Red O in isopropyl alcohol). After one wash for
2 min with 60% isopropyl alcohol and one wash for 1 min with
H,O, the livers were stained for 5 min with hematoxylin. The
stain was then washed off with running water, and the silanized
slides were stained. Qil Red O staining was quantified on digital
images. Color images were acquired with a Nikon digital cam-
era and analyzed using the Image J software. The percentage of
the area of Oil Red O staining was measured from 9-10 differ-
ent sections/mouse in each experimental group. Values were
expressed as percentage of area.

Analysis of O, Consumption—Oxygen consumption was
measured every 3 min for 24 h in the fasting mice using an
0,/CO, metabolism measurement device (model MK-5000;
Muromachikikai, Tokyo, Japan). After rimonabant treatment
for 21 days, each mouse was placed in a sealed chamber (560-ml
volume) with an air flow rate of 500 ml/min at room tempera-
ture. The amount of oxygen consumed was converted to
ml/min by multiplying it with the flow rate.

RNA Preparation and Tagman PCR—Total RNA was
" extracted from various tissues in vive with TRizol reagent
(Invitrogen), in accordance with the manufacturer’s instruc-
tions. After treatment with RQ1 RNase-free DNase (Promega,
Madison, W) to remove genomic DNA, cDNA was synthe-
sized with MultiScribe reverse transcriptase (Applied Biosys-
tems, Foster City, CA). Total RNA was prepared from 3T3L1
cells in vitro with an RNeasy Mini Kit (Qiagen Co., Disseldorf,
Germany), in accordance with the manufacturer’s instructions.
mRNA levels were quantitatively analyzed by fluorescence-
based reverse transcriptase-PCR. The reverse transcription
mixture was amplified with specific primers using an ABI Prism
7000 sequence detector equipped with a thermocycler. The
primers used for MCP-1 {monocyte chemoattractant protein-
1), resistin, phosphoenolpyruvate carboxykinase (PEPCK), car-
nitine palmitoyltransferase-1A, the hepatic isoform of carnitine
palmitoyltransferase-1, protein phosphatase 2C, and cyclophi-
lin were purchased from Applied Biosystems (Foster City, CA).
The relative expression levels were compared by normalization
to the expression levels of cyclophilin.
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Cell Culture and Differentiation of 3T3L1 Adipocytes and
Rimonabant Treatmnent—3T3L1 preadipocytes were cultured
in Dulbecco’s modified Eagle’s medium containing 25 ma glu-
cose and 10% fetal bovine serum at 37 °C. Confluent cultures
were induced to differentiate into adipocytes by incubation in
Dulbecco’s modified Eagle’s medium containing 25 mu glu-
cose, 10% fetal bovine serum, 0.25 units/ml insulin, 0.25 pm
dexamethasone, and 0.5 mu isobutyl-1-methylxanthine, After
2 days, the medium was changed to Dulbecco’s modified Eagle’s
medium containing 25 mM glucose, 10% fetal bovine serum,
and 0.025 units/ml insulin. All studies were performed on adi-
pocytes 10 days after the initiation of differentiation (Day 0).
Rimonabant treatment (100 nM and 1 xM) was started on Day 0,
and DMSO was used as the vehicle. Prior to the start of the
experiments, the differentiated adipocytes were serum-starved
in Dulbecco’s modified Eagle’s medium containing 25 mM glu-
cose for 16 h at 37 °C.

RESULTS

Absence of Adiponectin Had No Effect on Rimonabant-in-
duced Suppression of Body Weight and Daily Food Intake—The
body weight gain was similar between the untreated ob/ob and
adipo(—/—)ob/ob mice (Fig. 14), as reported previously (30).
The food intake was also comparable between the untreated
ob/ob and adipo(—/—)objob mice (Fig. 1B). Rimonabant sig-
nificantly decreased the body weight and food intake to similar
degrees in the ob/ob and adipo(—/—)ob/ob mice (Fig. 1, A and
B). After 21 days of rimonabant treatment, both the ob/ob and
adipo(—/—)ob/ob mice weighed 10% less than the correspond-
ing untreated mice (Fig. 14). Moreover, rimonabant treatment
significantly decreased the white adipose tissue (WAT) mass
in both subcutaneous and visceral (epididymal, mesenteric,
and retroperitoneal) fat to similar degrees in the ob/ob and
adipo(—/—)ob/ob mice (Fig. 1C). To determine whether the
presence of adiponectin is required for the reduction of the
average adipocyte size induced by rimonabant treatment, we
histologically analyzed the epididymal fat pad and subcuta-
neous WAT after fixation and quantitation of the adipocyte
size. The distribution of the adipocyte size in the rimon-
abant-treated ob/ob and adipo(—/—)ob/ob mice was simi-
larly narrowed to that in the untreated ob/ob and adipo(—/
—)ob/ob mice (Fig. 1, D and E), and rimonabant treatment
significantly reduced the average adipocyte size in the ob/ob
and adipo(—/—)ob/ob mice to a similar degree (Fig. 1F).
These findings indicate that the absence of adiponectin had
no effect on either the rimonabant-induced decrease of the
body weight or the food intake of the mice and that rimon-
abant treatment can induce a reduction of adipocyte size in
the absence of adiponectin or leptin or both.

Rimonabant Increased the Energy Expenditure and De-
creased the Serum Triglyceride and Free Fatty Acid Levels to a
Similar Degree in the ob/ob and adipo(—/—)ob/ob Mice—In
addition to suppressing food intake, rimonabant has been dem-
onstrated to increase the energy expenditure (10, 34), and the
increase in energy expenditure has also been shown in CB-1
receptor knock-out mice (35). Since the involvement of adi-
ponectin in this action of rimonabant remains unclear, we
investigated the effects of rimonabant on energy expenditure.
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C, weight of the total visceral white adipose tissue (left panel) and subcutaneous WAT {right panel) of ob/ob and
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First, we measured the rectal temper-
ature in the ob/ob and adipo(—/—)-
ob/ob mice. The temperature was
essentially the same (Fig. 24), and
rimonabant treatment significantly
increased the rectal temperature of
the ob/ob and adipo(—/—)ob/ob
mice to a similar degree (Fig.24). Sec-
ond, we investigated the oxygen con-
sumption after 21-day treatment with
rimonabant and found that in the
dark phase of the daily light cycle,
rimonabant increased the energy
expenditure to a similar degree in
both the ob/ob and adipo(—/—)-
ob/ob mice (Fig. 2B). This effect of
rimonabant on the energy ex-
penditure in the ob/ob mice did not
require the presence of adiponectin,
We next investigated the effects of
rimonabant treatment on the serum
lipid levels. In addition to reducing
the body weight, rimonabant has
been demonstrated to reduce the
serum triglyceride (TG) (15-18, 32)
and free fatty acid (FFA) levels (32).
However, the involvement of adi-
ponectin in this action of rimonabant
remains unclear. Both the serum TG
and FFA levels were indistin-
guishable between the ob/ob and
adipo(—{—)ob/ob mice (Fig. 2, C
and D), and rimonabant treatment
significantly decreased the levels of
both to similar degrees in the ob/ob
and adipo(—/—)ob/ob mice (Fig. 2,
C and D). This effect of rimonabant
on the serum lipids in the ob/ob
mice did not require the presence of
adiponectin. MCP-1 and resistin
have been shown to be important
mediators of insulin resistance
linked to obesity (36 —39). We ana-
lyzed the expression of MCP-1 and
resistin in the epididymal WAT.
The expressions of both MCP-1
and resistin were indistinguishable
between the untreated and rimon-
abant-treated mice of either geno-
type (Fig. 2, £ and F).

Rimonabant Increased the Plasma
Adiponectin Levels in the ob/ob Mice,
in  Partictdar of High Molecular
Weight Adiponectin—Rimonabant
treatment for 21 days significantly
increased the plasma adiponectin
levels in the ob/ob mice, whereas
plasma adiponectin was not detect-

VOLUME 284+ NUMBER 3+ JANUARY 16, 2009

0102 ‘0z dy uo ‘Ateiqr] oAdo] jo Alistaaiun 18 Bioogl mmm wolj papeojumod



Amelioration of Insulin Resistance and Obesity by Rimonabant

A B 02 consumption nabant-treated ob/ob mice (Fig.
Rectal temperature dark phase light phase 3B). In regard to the adipo(—/—)-

3ro 25 " " v ob/ob mice, plasma adiponectin
B5F —r L was not detectable in either the
360t untreated or rimonabant-treated
mice (Fig. 3B). Rimonabant has

© 385y been reported to increase adiponec-
350¢ tin expression and secretion in
345 3T3F442A adipocyte (6, 40). We
34. next investigated the direct effect of
Conirel Rimonabant Conirol Rimonabant oblob adipol-l-) ob/ab adipot1-) rimonabant on adiponectin secre-

obfob adipo(-/-)objob -ob/ob -obfob  tjon using the murine adipocyte cell

line 3T3L1 and confirmed that

C Serum triglyceride level D Serum free fatty acid level treatment with 100 nm and 1 ™
240 % ok 1oF rimonabant actually increased the
200F ' ! —t—— e expression and secretion into the
160} medium of adiponectin (Fig. 3, C

2 120k = and D).

E w 05 Rimonabant Improved Hepatic
8o Insulin Resistance in both the ob/ob
40F and adipo(~/—)ob/ob Mice, al-

though the Effect Was Significantly

Control Rimonabant _Control Rimonabant Control Rimonabant _Conlrol Rimonabant 7 occ Pronounced in the adipo(—/—)-

obfob adlipo(-I-Job/ob oblob adipo(-/-)obfob ob/ob  Mice—We cartied out
hyperinsulinemic-euglycemic clamp

E 5 MCP-1 expression F Resistin expression studies in the ob/ob and adipo(—/—)-
n.s. 18F NS 0.s. o.b/ob mice to mvestlga‘te th_e etfecF of

2 i rimonabant on. the insulin resist-

fE} 1.0F § 12k ance in the liver and skeletal muscle.

z z Without rimonabant treatment, the

;f 05k g glucose infusion rates were compa-

o © 06 rable in the ob/ob and adipo(~/—)-

ob/ob mice (Fig. 44). After 21 days
0 - X 0 - — of rimonabant treatment, the glu-
Control Rimonabant Control Rimonabant Control Rimonabant Control Rimonabant

oblob adipo(-/~yob/ob

adipo(—/—)ob/ob mice. Values are means * S.E.n.s, not significant.

able in either the untreated or rimonabant-treated adipo(—/—)-
ob/ob mice (Fig. 34). High molecular weight (HMW) adi-
ponectin is known to be the most active, and its serum levels
have been reported to be decreased in obese individuals and
murine models, which is associated with a decrease of the
hepatic and muscle AMPK activity and fatty acid combustion
and, thereby, exacerbation of insulin resistance (19, 20). There-
fore, we analyzed the plasma levels of this isoforin of adiponec-
tin by Western blotting. Rimonabant treatment significantly
increased the serum levels of HMW adiponectin in the ob/ob
mice (Fig. 3B). On the other hand, the plasma levels of middle
molecular weight and low molecular weight adiponectin
were slightly, but not significantly, increased in the rimo-
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oblob

FIGURE 2. Rimonabant increased the energy expenditure and decreased the serum triglyceride and free
fatty acid levels to a similar degree in the ob/ob and adipo(—/-)ob/ob mice. A and B, rectal temperature
{A)and O, consumption (8) in ob/ob and adipo(—/—)ob/ob mice not treated (open bars) and treated (filled bars)
with rimonabant (n = 6-10/group). Values are means = S.E. of data obtained from the analysis of ob/ob mice
and adipo(—/—)ob/ob mice.*,p < 0.05; %%, p < 0.01. Cand D, serum TG (C) and free fatty acid (FFA) (D) levelsin
ob/ob and adipo(—/—)ob/ob mice not treated (open bars) and treated (filled bars) with rimonabant. C, n =
11-14/group; D, n = 4-5/group. Values are means * S.E. of data obtained from the analysis of ob/ob mice and
adipo(—/~)ob/ob mice. ¥, p < 0.05.*% p < 0.01. £ and F, MCP-1 (E) and resistin (F) expression levels in the
epididymal WAT of ob/ob and adipo(—/—}ob/ob mice not treated (open bars) and treated (filled bars) with
rimonabant (1 = 7-8/group). Values are means = S.E. of data obtained from the analysis of ob/ob mice and

cose infusion rates were signifi-
cantly increased in both the ob/ob
and adipo(~/—)ob/ob mice (Fig.
4A); however, the increase was sig-
nificantly less pronounced in the
adipo(—/—)ob/ob mice. Rimon-
abant treatment also produced a
significant decrease of the endoge-
nous glucose production in both the
ob/ob and adipo(—/—)ob/ob mice,
but the effect was significantly less
pronounced in the adipo(—/—)ob/ob mice (Fig. 4B). The rates
of R, were indistinguishable between the untreated ob/ob and
adipo(—/—)ob/ob mice, and rimonabant treatment had no
effect on this parameter in either genotype (Fig. 4C). We next
studied the effects on insulin signaling and the downstream
reactions in the liver (Fig. 4, D and E). Insulin-stimulated Akt
phosphorylation was significantly increased in rimonabant-
treated ob/ob mice as compared with that in the untreated
ob/ob mice (Fig, 4D), whereas insulin-stimulated Akt phospho-
rylation only tended to be increased in the rimonabant-treated
adipo(—/—)ob/ob mice as compared with that in the corres-
ponding untreated mice. The PEPCK expression levels in the
liver were comparable in the untreated ob/ob and

adipo(-I-yoblob
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FIGURE 3. Rimonabant increased the plasma adiponectin levels, in particular of high molecular weight
adiponectin, in the ob/ob mice. A, plasma adiponectin levels in ob/ob and adipo{—/—)ob/ob mice not
treated (open bar) and treated (filled bar} with rimonabant (n = 7-14/group). Values are means * S.E. of data
obtained from the analysis of ob/ob mice and adipo{—/—)ob/ob mice. **, p < 0.01. N.D., not detectable. 8, the
different isoforms of plasma adiponectin of ob/ob and adipo(—/—)ob/ob mice not treated (open bars) and
treated (filled bars) with rimonabant were analyzed by Western blotting and quantitated by densitometry. The
relative ratio of each molecular weight category of adiponectin was normalized to that in the control ob/ob
rice not treated with rimonabant (n = 4-8/group). Results are representative of three independent experi-
ments. Values are means .+ S.E. of data obtained from the analysis of ob/ob mice and adipo(—/—)ob/ob mice.
*, p < 0.05, n.s., not significant. C and D, effects of rimonabant on adiponectin mRNA expression (C) and
adiponectin secretion in the conditioned mediuim (D) of mouse 3T3L1 adipocytes {n = 4-9/group). Shown are
controls (open bars), DMSO as the vehicle (filled bars), 100 nm rimonabant (gray bars), and 1 um rimonabant
(latticed bars). Values are means = S.E. of data obtained from the analysis of 3T3L1 adipocytes. ¥, p < 0.05; *%,
p < 0.01.

ings indicate that rimonabant ame-
liorates hepatic but not muscle
insulin resistance in mice with an
ob/ob background, in both an adi-
ponectin-dependent and adiponec-
tin-indepenﬁent manner,
Rimonabant  Increased  the
Hepatic AMPK  Activities and
CPT-1 (Carnitine Palmitoyltrans-
ferase-1) Expression Levels in both
ob/ob Mice and adipo(—/—)ob/ob
Mice, but Its Effect was Significantly
Less Pronounced in the adipo(—/—)-
ob/ob Mice—We carried out analysis
of the liver metabolic activity after the
clamp studies to investigate the
effect of rimonabant on ameliora-
tion of insulin resistance. The
AMPK activities were comparable
in the untreated ob/ob and
adipo(—/—)ob/ob mice (Fig. 54).
Rimonabant treatment for 21 days
increased the AMPK activities in
both the ob/ob and adipo(—/~)-
ob/ob mice, but its effect was sig-
nificantly less pronounced in the
adipo(—/—)ob/ob mice (Fig. 54).
The expression levels of CPT-1,
the rate-limiting enzyme in fatty
acid B-oxidation, were also com-
parable in the untreated ob/ob and
adipo(—/—)ob/ob mice (Fig. 58).
Rimonabant treatment increased
the CPT-1 expression in both

ob/ob and  adipo(—/—)ob/ob,

mice, but its effect was signifi-
cantly less pronounced in the
adipo(—/—)ob/ob mice (Fig. 5B).
The expression levels of protein
phosphatase 2C were indistin-
guishable between the untreated
ob/ob and adipo(—/—)ob/ob
mice, and rimonabant treatment
had no effect on the protein phos-
phatase 2C expression in either
genotype (Fig. 5C). As reported
previously (26, 41), fatty acid oxi-
dation is positively regulated by
AMPK in the liver; therefore, we
next carried out analysis of the
hepatic TG content by Oil Red O
staining. The percentage of areas
of Oil Red O staining in the liver
were comparable in the untreated

adipo(—/—)ob/ob mice (Fig. 4F). Rimonabant treatment signif- ob/ob and adipo(—/—)ob/ob mice (Fig. 5D). Rimonabant
icantly decreased the expression of PEPCK in both the ob/ob  treatment significantly decreased the hepatic TG content in
and adipo(—/—)mice, but the effect was significantly less pro-  both the ob/ob and adipo(—/—)mice, but its effect was sig-
nounced in the adipo(—/=)ob/ob mice (Fig. 4F). These find-  nificantly less pronounced in the adipo(—/—)ob/ob mice
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FIGURE 4. Rimonabant improved hepatic insulin resistance in both ob/ob and adipo(—/—)ob/ob mice,
although the effect was significantly less pronounced in the adipo(—/—)ab/ob mice. A-C, glucose infu-
sion rates (GIR} {A), endogenous glucose production (EGP) (B), and rates of glucose disappearance (Rd) () in
ob/ob and adipo(—/—)ob/ob mice not treated (open bars) and treated (filled bars) with rimonabant in the
clamp study {n = 5-7/group). Values are means * S.E. of data obtained from the analysis of ob/ob mice and
adipo(—/—)ob/ob mice. *, p < 0.05;*%, p < 0.01; ***,p < 0.005. D and E, phosphorylations of Akt in the livers of
ob/ob (D) and adipo(—/—)ob/ob mice () not treated (open bars} and treated {filled bars) with rimonabant after
the injection of insulin (n = 4-5/group). Results are representative of three independent experiments. Values are
means = S.E. of data obtained from the analysis of ob/ob mice and adipo(-—/—)ob/ob mice. *, p << 0.05. F, PEPCK
expression levels in the livers of ob/ob and adipo(—/ —)ob/ob mice not treated (open bars) and treated (filled bars)
with rimonabant after the clamp studies (n = 6-7/group). The relative expressions after normalization to the expres-
sion level of cyclophilin were compared. Values are means = S.E. of data obtained from the analysis of ob/ob mice
and adipo(~—/~)ob/ob mice. *, p < 0.05;*¥, p < 0.01. pAkt, phospho-Akt. n.s., not significant.

and adipo(—/—)ob/ob mice, and
rimonabant treatment had no effect
on the muscle AMPK activity in
either genotype (Fig. 5E). These
findings indicate that rimonabant
activates hepatic but not muscle
AMPK in mice with an ob/ob back-
ground in both an adiponectin-de-
pendent and adiponectin-inde-
pendent manner.

DISCUSSION

The selective CB-1 blocker
rimonabant has been reported to
produce weight loss and ameliorate
insulin resistance and metabolic
abnormalities in obese animals (12,
13), as also in patients with obesity
(15—18). Rimonabant has also been
reported to increase the plasma adi-
ponectin levels in animal models of
obesity and diabetes, as also in dia-
betic or nondiabetic subjects (15,
31, 32). Adiponectin has been pro-
posed to be a major insulin-sensitiz-
ing adipokine (19, 20) and is a plau-
sible candidate as the adipokine
mediating the rimonabant-induced
amelioration of insulin resistance.
Therefore, in this study, we used
two obesity models, the ob/ob and
adipo(—/—)ob/ob mice, to investi-
gate whether the rimonabant-in-
duced increase of plasma adiponec-
tin might be causally involved in the
insulin-sensitizing effects of the
drug.

Rimonabant treatment decreased
the body weight, food intake, and
weight of the WAT to similar degrees
in the ob/ob and adipo(—/—)ob/ob
mice. Furthermore, it also in-
creased the energy expenditure
and decreased the serum TG and
FFA to similar degrees in the
ob/ob and adipo(—/—)ob/ob
mice. Thus, the involvement of
adiponectin was not requited for
rimonabant to exert its effects.

Significant improvement of the
insulin resistance was observed in
the ob/ob mice following rimon-
abant treatiment, in association with
significant up-regulation of the
plasma adiponectin levels, in partic-

(Fig. 5D). We also investigated the AMPK activities in the ular of HMW. Amelioration of insulin resistance in the ob/ob
muscle after the clamp studies. The AMPK activities in the  mice was considered to be attributable to improvement of the
muscle were indistinguishable between the untreated ob/ob  hepatic but not muscle insulin resistance. Interestingly, these
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FIGURE 5. Rimonabant increased the hepatic AMPK activities and CPT-1
expression levels in both ob/ob mice and adipo(—/—)ob/ob mice, but the
effects were significantly less pronounced in the adipo(—/—)ob/ob mice.
A, phosphorylations of AMPK in the livers of ob/ob and adipo(—/-—)ob/ob mice
not treated {open bars) and treated (filled bars) with rimonabant after the clamp
studies (n = 4-5/group). Results are representative of three independent exper-
iments. Values are means = S.E. of data obtained from the analysis of ob/ob mice
and adipol—/ ~)ob/ob mice. *, p < 0.05;%*,p - 0.01. Band C, carnitine palmitoyl-
transferase-1 {CPT-1) (B) and protein phosphatase 2C {PP2() (C) expression levels
in the liver of ob/ob and adipo(—/—)ob/ob mice not treated {open bars) and
treated (filled bars) with rimonabant after the clamp studies (n = 4-9/group).
Relative expressions after normalization to the expression level of cyclophilin
were compared. Values are means .. S.E. of data obtained from the analysis of
ob/ob mice and adipo{—/—)ob/ob mice. ¥ p < 0.05; **, p << 0.01.D, Qil Red O
staining in the fivers of ob/ob and adipo{—/-)ob/ob mice not treated (open bars)
and treated (filled bars) with rimonabant (n = 6~10/group). Representative liver
histology as viewed on a computer monitor is shown. Original magnification,
%100. Values are means = S.E. of data obtained from the analysis of ob/ob mice
and adipo(—/-)ob/ob mice. *, p < 0.05;**, p << 0.01. £, phosphorylation levels of
AMPK in the muscle of ob/ob and adipo{—/—)ob/ob mice not treated (open bars)
and treated (filled bars) with rimonabant after the clamp studies (n = 5/group).
Results are representative of three independent experiments. Values are
means * S.E. pAMPK, phospho-AMPK; n.s., not significant.

improvements induced by rimonabant were significantly less
pronounced in the adipo(—/—)ob/ob mice, indicating that adi-
poncctin is involved in the rimonabant-mediated amelioration

1810 JOURNAL OF BIOLOGICAL CHEMISTRY

of hepatic insulin resistance. In fact, although a significant
decrease of the PEPCK expression levels was observed, the
AMPK activity was significantly increased, and the hepatic TG
content was decreased in the ob/ob mice; all of these changes
were significantly less pronounced in the adipo(—/—)ob/ob
mice lacking adiponectin. We reported from a previous study
that adiponectin, especially HMW adiponectin, stimulates
AMPK activation in the liver (26, 42). These findings suggest
that rimonabant treatment activates AMPK in the liver via
increasing the secretion of HMW adiponectin and then
decreases the expression of PEPCK to inhibit glucose produc-
tion and increase CPT-1 expression, thereby stimulating fatty
acid oxidation'in the liver.

On the other hand, rimonabant treatment also produced sig-
nificant amelioration of hepatic insulin resistance in the
absence of adiponectin. This amelioration was possibly attrib-
utable to the reduction of body weight (Fig. 14) but not to
suppression of MCP-1 and resistin expression (Fig. 2, Eand F).
Alternatively, this amelioration was possibly due to the direct
activation of AMPK by rimonabant in the liver. In fact, recent
reports have shown that AMPK activity was significantly higher
in the liver of hepatocyte-specific CB-1 receptor knock-out
mice, although the serum adiponectin levels in these animals
remained unchanged (35, 43), suggesting that rimonabant
treatment directly activates hepatic AMPK, even without the
mediation of adiponectin, and decreases the expression of
PEPCK to inhibit glucose production in the liver. :

In addition, Osei-Hyiaman et al. (35) have reported that
CPT-1 activity in the liver was significantly increased when sys-
temic CB-1 receptors were blocked pharmacologically in wild-
type mice. Moreover, hepatic CPT-1 activity increased, and
hepatic TG content decreased when hepatic CB-1 receptors
were blocked genetically (35). These data suggest that CB-1
receptor blockade stimulates CPT-1 activity and increases fatty
acid combustion to decrcase the TG content in the liver. Con-
sistent with this, rimonabant actually increased CPT-1 expres-
sion and decreased the TG content in the livers of ob/ob and
adipo(—/—)ob/ob mice. However, these effects were markedly
attenuated in the adipo(—/—)objob mice, suggesting that
increased CPT-1 expression and decreased hepatic TG content
by rimonabant were also mediated by adiponectin-dependent
as well as adiponectin-independent pathways.

Based on our findings, we propose that there are two distinct
pathways by which rimonabant ameliorates insulin resistance,
one an adiponectin-dependent pathway and the other an adi-
ponectin-independent pathway (Fig. 6). Rimonabant increases
the plasma levels of adiponectin, in particular of HMW adi-
ponectin, which induces AMPK activation and decreases glu-
coneogenesis in the liver, thereby ameliorating insulin resist-
ance. ‘On the other hand, in a manner independent of
adiponectin, rimonabant directly induces AMPK activation
and decreases gluconeogenesis in the liver, possibly via the
hepatic CB-1 receptor (35, 43), which also contributes to ame-
liorating insulin resistance. In addition, rimonabant decreases
food intake and increases energy expenditure, which are related
to reduction of body weight. This body weight loss may be also
associated with ameliorating insulin resistance via adiponectin-
dependent and adiponectin-independent pathways (Fig. 6).
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FIGURE6.Rimonabantamelioratesinsulinresistanceviabothadiponectin-
dependent and adiponectin-independent pathways. There are two dis-
tinct pathways by which rimonabant ameliorates insulin resistance, one an
adiponectin-dependent pathway and the other an adiponectin-independent
pathway. Rimonabant increases the plasma levels of adiponectin, in particu-
lar of HMW adiponectin, which induces AMPK activation and decreases glu-
coneogenesis in the liver, thereby ameliorating insulin resistance. On the
other hand, in a manner independent of adiponectin, rimonabant directly
induces AMPK activation and decreases gluconeogenesis in the liver, possibly
via hepatic CB-1 receptor, which also contributes to amefiorating insulin
resistance. In addition, rimonabant decreases food intake and increases
energy expenditure, which are related to reduction of body weight. This body
weight loss may be also associated with ameliorating insulin resistance via
adiponectin-dependent and adiponectin-independent pathways.

Rimonabant is metabolized in the liver by cytochrome P-450
CYP3A4 and amidohydrolase and excreted into the bile (44,
45). The oral bioavailability of rimonabant is low to moderate;
this is due to the extensive first pass metabolism of the drug
(European Medicines Agency). Therefore, in this study, the
concentration in the liver of the orally administered rimon-
abant might be higher than that in other tissues, such as the
muscle, because of the first pass effect of the liver. Although
intraperitoneally administered rimonabant was reported in a
previous study to significantly increase the glucose uptake in
the soleus muscle of ob/ob mice (10), no improvement of the
insulin resistance in the muscle was observed in our study. One
of the reasons for this difference may be the lower concentra-
tion of rimonabant in the muscle due to the first pass effect of
the liver.

In the four double-blind trials (RIO-Lipids (15), RIO-Europe
(16), RIO-North America (17), and RIO-Diabetes (18)) the
most frequent adverse events among individuals treated with
rimonabant were nausea, dizziness, diarrhea, and insomnia,
each occurring at a 1-9% greater frequency than that in the
placebo group. In the RIO-Lipids, RIO-Europe, and RIO-North
America, the drug had to be discontinued due to the develop-
ment of psychiatric disorders (mainly depression) in 6-7% of
rimonabant-treated individuals, an absolute increase of 2-5%
over the frequency in the placebo group (44). Substance
dependence with rimonabant has not been reported. The
absence of the appearance of clinical signs in toxicology studies
with a recovery period indicates that rimonabant does not pos-
sess the potential to produce withdrawal syndrome (European
Medicines Agency).

Many reports have shown the efficacy of cannabinoid ago-
nists in chronic pain (46). In a rodent model of inflammatory
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pain, anandamide, one of the endogenous cannabinoids, sup-
pressed the development and maintenance of thermal hyperal-
gesia {47). This analgesic etfect was diminished by concurrent
administration of the CB-1 antagonist, rimonabant, and anan-
damide. Although rimonabant alters the sensitivity to pain (47),
it does not necessarily induce pain itself. On the contrary,
rimonabant has recently been shown to prevent indomethacin-
induced intestinal injury by decreasing the levels of the proin-
flammatory cytokine, tumor necrosis factor ¢, in rodents (48),
indicating its potential anti-inflammatory activity in acute and
chronic diseases. In neurogenic inflammatory pain, including
arthritis and neuropathy, many cytokines, especially tumor
necrosis factor o, play a key role in the generation and mainte-
nance of hyperalgesia (49). On the basis of these findings, Costa
(50) indicated that the anti-tumor necrosis factor « effect of
rimonabant might contribute to its anti-inflammatory activity
and consequently to the relief of pain. However, further inves-
tigation and accumulation of further evidence on the effect of
rimonabant on pain are needed. At least, in the four clinical
trials mentioned above, side effects associated with pain, such
as hyperalgesia or hypoalgesia, were not reported. Further-
more, it has been suggested that although females might per-
ceive pain differently from males (51, 52), the anti-obesity
effects of rimonabant appeared to be similar in males and
females (European Medicines Agency).

In conclusion, this study demonstrated for the first time that
rimonabantameliorates insulin resistance viaboth adiponectin-
dependent and adiponectin-independent pathways.
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Cell cycle regulation and biochemical responses upon nutri-
ents and growth factors are the major regulatory mechanisms
for cell sizing in mammals. Recently, we identified that the death
effector domain-containing DEDD impedes mitotic progression
by inhibiting Cdk1 (cyclin-dependent kinase 1) and thus main-
tains an increase of cell size during the mitotic phase. Here we
found that DEDD also associates with $6 kinase 1 (S6K1), down-
stream of phosphatidylinositol 3-kinase, and supports its activ-
ity by preventing inhibitory phosphorylation of S6K1 brought
about by Cdk1 during the mitotic phase. DEDD™'" cells showed
reduced S6K1 activity, consistently demonstrating decreased
levels in activating phosphorylation at the Thr-389 site, In addi-
tion, levels of Cdkl-dependent inhibitory phosphorylation at
the C terminus of S6K1 were enhanced in DEDD ™/ cells and
tissues. Consequently, as in S6K17/7 mice, the insulin mass
within pancreatic islets was reduced in DEDD™’" mice, result-
ing in glucose intolerance. These findings suggest a novel cell
sizing mechanism achieved by DEDD through the maintenance
of S6K1 activity prior to cell division, Our results also suggest
that DEDD may harbor important roles in glucose homeostasis
and that its deficiency might be involved in the pathogenesis of
type 2 diabetes mellitus.

Cell size is closely related to specialized cell function and to
the specific patterning of tissues in the body. Cell sizing is reg-
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ulated mainly by two mechanisms: cell cycle control and the
biochemical response to nutrients and/or growth factors (1-5).
During cell cycle progression, both the G, (which is believed to
be dominant) and the G, periods are important for cells to
increase their volume (6 -9). In addition, we recently provided
evidence that the mitotic period (M phase) also influences cell
size, through analysis of DEDD-deficient mice (10, 11). The
DEDD molecule was initially described as a member of the
death effector domain (DED)?-containing protein family (12).
Although the absence of DEDD did not apparently influence
progression of apoptosis (10), we found that during mitosis,
DEDD is associated with Cdk1-cyclin B1 and that it decreases
the kinase activity of Cdkl. This response impedes the Cdkl-
dependent mitotic program to shut off synthesis of ribosomal
RNA (rRNA) and protein and is consequently useful in gaining
sufficient cell growth prior to cell division. Depletion of DEDD
consistently results in a shortened mitotic duration and an
overall reduction in the amount of cellular rRNA and protein
and, furthermore, in cell and body size (10, 11).

Of the biochemical responses responsible for cell sizing, the
signaling cascade involving phosphatydilinositol 3-kinase
(PI3K) and its downstream target of rapamycin (TOR} is most
crucial {13-15). In mammals, upon stimulation by growth fac-
tors, including insulin, the mammalian TOR (mTOR) cooper-
ates with PI3K-dependent effectors to activate S6I1, thereby
phosphorylating the 40 S ribosomal protein $6, and subse-
quently enhances translation of the 5’-terminal oligopyrimi-
dine sequences that encode components of the translational
machinery. This reaction increases the nuniber of ribosomes
and the efficacy of protein synthesis, thus critically promoting
cell growth (16-18). Therefore, mice deficient for S6K1
(S6K17/7) had reduced cell and body size (19-23). This effect
also involves S6K1 in maintenance of glucose tolerance. S6K1

2 The abbreviations used are: DED, death effector domain; rRNA, ribosomal
RNA; S6K1, S6 kinase 1; PI3K, phosphatidylinositol 3-kinase; TOR, target of
rapamycin; mTOR, mammalian TOR; MEF, mouse embryonic fibroblast;
siRNA, small interfering RNA; GST, glutathione S-transferase; rpS6, S6 ribo-
somal protein.
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significantly supports the size of insulin-producing 8 cells’

within pancreatic Langerhans islets (24, 25). Thus, in S6K1™/~
mice, the insulin mass was diminished, which resulted in inef-
fective secretion of insulin upon glucose administration (21,
23).

The activation of S6K1 proceeds through chronological
phosphorylation at various residues, toward the crucial phos-
phorylation of Thr-389, present within the linker domain
between the catalytic domain and the carboxyl tail, to obtain
maximal enzymatic activity (26). Interestingly, phosphoryla-
tion at several Ser/Thr residues within the C-terminal autoin-
hibitory tail appears to either activate or inhibit S6K1, depend-
ing on the cell cycle phase. Shah et al. (27) demonstrated that
phosphorylation of those residues (featured by the Thr-421/
Ser-424 site) during mitosis pursued by Cdkl inactivates S6K1
to terminate protein synthesis prior to cell division (28). A
recent report by Schmidt et al. (29) demonstrating that phos-
phorylation of Thr-421/Ser-424 is specifically increased dur-
ing the G,/M phase may also support the finding, whereas
during the G, phase, there is consensus that the phosphoryla-
tion at the autoinhibitory domain is requisite for S6K1 activa-
tion (26), as also recently demonstrated by Hou et al (30),
where the Cdk5 phosphorylates the Ser-411 site, leading to acti-
vation of S6K1. In contrast to such inhibitory regulation of
$6K1 during mitosis, however, a recent report by Boyer et al.
(31) sharply demonstrated that the activity of S6KI peaks at
mitosis, suggesting that S6K1 may also have some roles during
the mitotic phase. If so, how its activity is supported against the
inhibitory regulation caused by Cdkl remains an open
question,

Hence, the two observations above that both DEDD ™/~ and
S6K17/7 situations decrease the efficacy of ribosome and pro-
tein synthesis, resulting in smaller cell and body size, and that
mitotic Cdk1 has a functional interaction with both S6K1 and
DEDD led us here to assess a possible role of DEDD in the
context of the functional regulation of S6K1.

EXPERIMENTAL PROCEDURES

Mice—DEDD ™™ mice (10) had been backcrossed to
C57BL/6 (B6) for 17 generations before they were used in
experiments. Mice were maintained under a specific pathogen-
free condition.

Antibodies—Antibodies used for experiments are as follows:
anti-$6K1 phosphorylated at Thr-421/Ser-424, anti-S6K1
phosphorylated at Thr-389, anti-total rpS6 (clone 54D2), anti-
rpS6 phosphorylated at Ser-240/244, anti-total Akt (clone
11E7), anti-Akt phosphorylated at Thr-308 (clone 244F9) (all
are from Cell Signaling Technology, Beverly, MA); anti-S6K1
phosphorylated at Ser-411 {(clone SC-7983R), anti-a-tubulin
and anti-insulin {(clone H-86) (from Santa Cruz Biotechnology,
Inc., Santa Cruz, CA); anti-cyclin Bl (clone GNS-11) and anti-
total S6K1 (clone 16) (from BD Biosciences); anti-Hsp90 (clone
SPA-830) and anti-Cdkl (clone A17) (from Stressgen (Victoria,
Canada) and Zymed Laboratories Inc. (South San Francisco,
CA)). '

S6K1 Kinase Assay—DEDD /" or DEDD™'™ mouse embry-
onic fibroblast (MEF) cells were lysed in lysis buffer (20 mm
Tris-HCl, pH 7.5, 50 mm NaCl, 1 my Na,VO,, 50 mm Nak, 5
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mm EDTA, 0.1% Nonidet P-40, supplemented with a mixture of
protease inhibitors). The cell lysates were clarified by centrifu-
gation for 30 min at 14,000 rpm and immunoprecipitated with
anti-S6K1 antibody preabsorbed to protein G-agarose beads at
4°C for 4 h. The immune complexes were washed twice with
lysis buffer and once with kinase assay buffer (20 mwm Tris-HCI,
pH 7.5, 10 mm MgCl,, 0.1 mg/mlbovine serum albumin, and 0.4
mu dithiothreitol). The kinase reaction was performed at 30 °C
for 15 min in the presence of 100 uM ATP, 200 pCi/ml
[v->?PJATP, and 125 um S6 peptide substrate (RRRLSSLRA;
Upstate Biotechnology Inc., Lake Placid, NY) and was termi-
nated by the addition of 20 ul of 250 mM EDTA and boiling for
5 min. Stopped reactions were loaded onto P-81 phosphoceliu-
lose membrane (Whatman, Maidstone, UK) and were washed
with 75 mM phosphoric acid. The labeled probe was measured
by liquid scintillation counting,.

SiRNA  Transfection—Double-stranded siRNA  targeting
DEDD or Cdkl were purchased from Applied Biosystems or
Sigma, respectively. Wild-type MEF cells at a 50% confluent
state were transfected with 10 pM siRNA using Lipofectamine
2000 (Invitrogen). Forty-eight hours after transfection, the cells
were harvested and analyzed by Western blotting or reverse
transcription-PCR. Sequences of the oligonucleotides were as
follows: DEDD siRNA 1, 5-GCCCTGATCTTGTAGACAATT-
3; DEDD siRNA 2, 5-AAATGGACGTGACTTCTTATT-3;
Cdkl siRNA 1, 5-CTATGATCCTGCCAAACGATT-3; Cdkl
siRNA 2, 5-GTTGTTACCGTTGGCTCTTT-3; Cdk1siRNA 3,
5.CAATCAAACTGGCTGATTTTT-3: As a control, an oligo-
nucleotide targeting the GFP sequence (Sigma) was used.

In Vitro Binding Assay—Glutathione S-transferase (GST)-
fusion proteins containing mouse DEDD, Cdkl, cyclin B1, or
S6K1 were produced in Escherichia coli M15 carrying pGEX-
5X1-DEDD, Cdkl, cyclin Bl, or S6K1. These proteins were
purified according to protocols described in the GST-Bind kit
instructions (Novagen, Madison, WI). V5-DEDD, Myc-cyclin
B1, or HA-Cdkl was efficiently expressed in the baculovirus/
High Five cell system (Invitrogen). In each binding assay, 200 ng
of GST fusion proteins or 100 pl of High Five cell lysates were
used. GST fusion proteins or High Five cell extracts were
incubated with the anti-S6K1 or anti-cyclin Bl antibodies in
lysis buffer (20 mm Tris-HCl, pH 7.5, 50 my NaCl, 5 mm
MgCl,, 1 mm NazVO,, 25 mM NaF, 1 mum phenylmethylsul-
fonyl fluoride, 0.1% Nonidet P-40, supplemented with a mix-
ture of protease inhibitors) at 4 °C for 4 h and precipitated
with protein G-Sepharose beads (Sigma). The pellets were
washed three times with lysis buffer. The immunoprecipi-
tates and total cell lysates were analyzed by Western blotting
using anti-DEDD antibody. Note that the anti-DEDD anti-
body was newly generated by us and that this antibody is
available for recognition of recombinant DEDD, but not of
endogenous DEDD by immunoblotting.

Islet Isolation and Insulin Content—Isolation of islets from
mice and assessment of insulin content within islet cells were
carried out as described previously (32). Briefly, after clamping
the common bile duct at a point close to its opening into the
duodenum, liberase RI (Roche Applied Science) was injected
into the pancreatic duct. The swollen pancreas was removed
and incubated at 37 °C for 24 min. The pancreas was dispersed
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by pipetting, and dispersed cells were washed twice. Islets were
manually collected through a stereoscopic microscope. These
islets were used for the experiments immediately after isola-
tion. Insulin content was measured as described previously
(32). Isolated islets were extracted in acid ethanol at —20°C,
and after preincubation with the basal glucose concentration
for 20 min, static incubation of 10 islets/tube was performed at
37°C for 1 h. Insulin levels were determined with an insulin
enzyme-linked immunosorbent assay kit (Morinaga).
Primers for Reverse Transcription-PCR—Primers used are

as follows: Hsp90«, 5-GCGGCAAAGACAAGAAAAAG-

3 (forward) and 5-CAAGTGGTCCTCCCAGTCAT-3
(reverse); Hsp90B, 5-CTGGGTCAAGCAGAAAGGAG-3
(forward) and 5-TCTCTGTTGCTTCCCGACTT-3 (re-
verse); Aktl, 5-CCACGCTACTTCCTCCTC-3 (forward)
and 5-TGCCCTTGCCAACAGTCTGAAGCA-3 (reverse);
Ake2, 5-GTCGCCAACAGTCTGAAGCA-3 (forward) and
5-GAGAGAGGTGGAAAAACAGC-3 (reverse); G3PDH, 5-
ACCACAGTCCATGCCATCAC-3 (forward) and 5-TCCA-
CCACCCTGTTGCTGTA-3 (reverse); f-actin, 5-GTGGC-
TACAGCTTCACCACCACAG-3 (forward) and 5-GCATC-
CTGTCAGCAATGCCTGGGT-3 (reverse); DEDD, 5-GCG-
GGATCCGCGGGCCTAAAGAGGC-3 (forward) and 5-
GCGTCTAGAGTCTACAAGATCAGGGC-3 (reverse).

Quantification of Imimunoblots—Quantification of the
immunoblots was performed using NIH Image. Relative phos-
phorylation levels to those in control (shown as 1.0 = S.E.) are
presented. For all immunoblotting experiments, at least three
independent blots were performed.

Statistical Analysis—A two-tailed Mann-Whitney test was
used to calculate p values. *%, p << 0.01; *, p << 0.05; error bars,
S.E.

RESULTS AND DISCUSSION

DEDD Prevents Inhibitory Phosphorylation of Mitotic S6K1
and Supports Its Activity—To test if DEDD is involved in regu-
lation of S6K1 activity, we first investigated whether the lack of
DEDD influences SGKI activity. Significantly, levels of phos-
phorylation at Thr-389 of S6K1, a hallmark of active S6K1, was
attenuated in DEDD ™™ compared with DEDD*/" MEF cells
that had been enriched in the mitotic phase by a nocodazole
block (Fig. 1A, left). Interestingly, reduction in Thr-389 phos-
phorylation was also observed in asynchronized DEDD ™'~
MEF cells (Fig. 1A, right). Thus, such a DEDD activating effect
on S6K1 at the mitotic phase appears to influence the overall
S6K1 activity in cells. Furthermore, a kinase activity assay based
on the incorporation of **P-labeled ATP demonstrated that
S6K1 precipitated from DEDD '™ MEF cells had 50% less
activity on a specific substrate of S6K1, rpS6, compared with
that from DEDD™'™" cells (442.54 * 30.79 (—/—) versis
850.67 = 26.63 (+/+) cpm normalized by the amount of pre-
cipitated S6K1 protein; Fig. 1B (top) shows a summary of data).
This result was also supported by a reduction in phosphoryla-
tion levels of rpS6 in DEDD ™/~ compared with DEDD 1% MEF
cells, when assessed by Western blotting (Fig. 1B, lower panels).
The reduction of the rpS6 phosphorylation level in the absence
of DEDD was less remarkable than expected by the result from
the kinase activity assay. This might be due to a possible func-
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FIGURE 1. Absence of DEDD decreases S6K1 activity. A, phosphorylation
{p-) at Thr-389 of $6K1 in DEDD*/* or DEDD ™/~ MEF celis, tested by Western
plotting. B (top), kinase activity of S6K1 precipitated from DEDD*'* or
DEDD™~ MEF cells. Results were normalized by the average of those for
DEDD ™" cells. Error bar, S.E. Bottom, phosphorylation at rpS6 in DEDD ™" or
DEDD ™~ MEF cells, tested by Western blotting (WB). C, knockdown of Cdk1
increased phosphorylation at Thr-389 of S6K1 in mitotic DEDD ™/~ MEF cells.
D, phosphorylation at Thr-421/Ser-424 and Ser-411 of S6K1 in mitotic
DEDD"/™ or DEDD ™/ MEF cells.

tional redundancy caused by S6K2 in the phosphorylation of
rpS6 (33).

Since DEDD suppresses mitotic Cdkl (10), increased Cdkl
activity in the absence of DEDD might enhance the inhibitory
regulation of $6K1, leading to less S6K1 activity in DEDD ™'~
cells. Supporting this hypothesis, suppression of Cdkl via
siRNA expression increased Thr-389 phosphorylation in
DEDD ™/~ cells (Fig. 1C). We then assessed the phosphoryla-
tion status of the mitosis-specific inhibitory residue of S6K1,
Thr-421/Ser-424, which is targeted by mitotic Cdkl. As pre-
sented in Fig. 1D, phosphorylation at Thr-421/Ser-424 was
enhanced in mitotic DEDD™'™ MEF cells compared with
DEDD*/* MEF cells. In brief, in the absence of DEDD, the
activity of S6K1 was substantially diminished due to hyper-
phosphorylation at the inhibitory Ser/Thr residues. The phos-
phorylation level at Ser-411 (also within the autoinhibitory tail)
was also increased in DEDD ™~ cells (Fig. 1.D). Although this
result is consistent with the observation by Shah et al. (28) sug-
gesting the presence of multiple Cdkl-dependent inhibitory
phosphorylation sites, whether the mitotic phosphorylation at
Ser-411 certainly decreases S6K1 activity remains arguable.

DEDD Associates with S6K1 through Its Proline-rich Region—
We then tested whether DEDD associates with S6K1. We
expressed FLAG-tagged DEDD in 293T cells and assessed
whether S6K1 is co-precipitated with DEDD. Remarkably,
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S6K1 was bound to DEDD (Fig. 24). Moreover, S6K1 co-pre-
cipitated with DEDD was deficient in phosphorylation at both

Thr-421/Ser-424 and Ser-411, whereas the Thr-389 site was
" phosphorylated, suggesting that the association of DEDD with
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FIGURE 2. DEDD forms a complex with S6K1 and Cdk1 via its proline-rich
region. A, co-immunoprecipitation (IP) of FLAG-tagged DEDD (FLAG-DEDD)
and S6K1, using anti-FLAG antibody. Precipitates were analyzed for the indi-
cated items. Western blots (WB) of cell lysates for respective subjects are also
presented. Note in 2937 cell lysates, protein blot for total S6K1 using amouse
monoclonal antibody (clone 16; BD Biosciences) reveals -double bands, as
previously described (40, 41). B, in vitro binding assay using recombinant pro-
teins. C, schematic diagram of the structure of DEDD variants. Light blue
region, nuclear localizing signal; black region, DED domain; orange region,
proline-rich region. The numbers indicate amino acids starting from the first
methionine. D, co-immunoprecipitation of S6K1 and FLAG-tagged DEDD
variants, using an anti-FLAG antibody.

A New Role of DEDD in 56 Kinase Activation

S6K1 prevents inhibitory phosphorylation of S6KI that is
caused by mitotic Cdk1 (Fig. 24). An in vitro assay using tagged
recombinant proteins supported the notion that DEDD associ-
ates with S6K1 through Cdkl-cyclin Bl, since DEDD was co-
precipitated with S6K1 only in the presence of both Cdkl and
cyclin B1 (Fig. 2B).

Next, in order to determine the region involved in the asso-
ciation of DEDD with S6K1, we designed a number of variant
DEDD molecules (Fig. 2C) and tested their association with
S6K1. As depicted in Fig. 2D, a DEDD variant lacking the pro-
line-rich region did not bind to S6K1, indicating a requirement
of the proline-rich region of DEDD for the association with
S6K 1. Note that in multiple experiments, the expression level of
the V2 DEDD variant was lower compared with that of other
types when expressed in 293 cells (Fig. 2D, bottom). It is possible
that the V2 DEDD variant may be structurally unstable.

Reduction in 8 Cell Size and Insulin Mass Due to Decreased
S6K1 Activity in DEDD™" Pancreas—S6K1 is involved in con-
trol of glucose tolerance by supporting the size of insulin-pro-
ducing B cells in the pancreas (21). As shown in Fig 34, the
association of DEDD with S6K1 was certainly observed in 8
cells when tested using a mouse pancreatic B cell line, MING
(34). In line with this finding, activating phosphorylation of
S6K1 at Thr-389 was significantly decreased in these cells when
DEDD was knocked down by siRNA expression (Fig. 3B).

Also in vivo, diminishment of S6K1 phosphorylation at the
Thr-389 site was apparent in the DEDD ™" pancreas compared
with the DEDD*'* pancreas (Fig. 3C). Furthermore, the
DEDD ™™ pancreas also exhibited an increase in phosphoryla-
tion levels at Thr-421/Ser-424 and Ser-411 residues, as seen in
MEF cells (Fig. 3D). We then assessed whether pancreatic islets
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FIGURE 3. Decreased insulfin mass within pancreatic islets in DEDD ™'~ mice, A, co-immunoprecipitation (/P) of FLAG-DEDD and S6K1 in MING cell lysates.
B, DEDD knockdown decreased phosphorylation levels at the Thr-389 residue of S6K1 in MING cells, Down-reguiation of DEDD mRNA expression isalso shown
(reverse transcription-PCR; RT-PCR). C and D, phosphorylation at Thr-389 residue (C) or Thi-421/Ser-424 and Ser-411 (D) of S6K1 in DEDD /" or DEDD ™/~
pancreas. £, histological analysis of pancreatic Langerhans islets. Top, HE staining; bottom, immunostaining for insulin. £, B cell density assessed by the number
of nuclei per 2.5 X 10° pm? within the insulin-positive area. Ten independent islets for each genotype were analyzed. G, the ratio of insulin-stained area per
whole islet. Twenty islets for each type of mice were analyzed. Results were normalized by the average of those for DEDD */* mice. H, insulin content. islets were
isolated from DEDD*'* or DEDD ™'~ pancreas (four for each), and the insulin content within islets was analyzed. Data are averages of five groups of 10 islets.
Error bar, S.E. The concentration of glucose used for incubation was 100 or 400 g/liter or higher (High)./, Western blotting (WB) for insulin using pancreas protein,
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FIGURE 4. Glucose intolerance in DEDD ™/~ mice. A, serum insulin fevels
after a glucose challenge. n = 5 each. Black bars, DEDD ™~ mice; white bars,
DEDD*"* mice. B, blood glucose levels after glucose administration (3 g/kg
body weight (BW)). Male DEDD ™~ and their littermate DEDD ** miceat6-8
weeks of age were used. n = 8 each. Biack boxes, DEDD ™/~ mice; white circles,
DEDD /" mice.

were smaller in DEDD ™/ mice than in DEDD " /* mice, as seen
in S6K177" mice. According to histological analysis, the size of
each B cell was reduced in DEDD ™™ mice (Fig. 3E, top two
panels), as also indicated by a higher density of B cells within the
islet (Fig. 3F). Similarly, the insulin mass, determined by the
ratio of B cells to whole islet mass after immunostaining of
pancreatic sections for insulin, was reduced by 50% in
DEDD '~ mice (Fig. 3, E (bottom two panels) and G). In agree-
ment with this observation, insulin content within j3 cells from
DEDD /™ mice was significantly decreased when assessed by in
vitro measurement using isolated pancreatic islets (Fig. 3H).
Furthermore, Western blot analysis demonstrated that the
amount of insulin in the pancreas of DEDD™/™ mice was
decreased compared with that in the DEDD ™" pancreas (Fig.
31). Finally, Tdd-mediated dUTP-biotin nick-end labeling
staining of the pancreas sections did not reveal any difference in
DEDD ™'~ and DEDD " islets, suggesting no influence of the
lack of DEDD on apoptosis of islet cells (data not shown).

Attenuated Insulin Secretion upon Glucose Stimulation in
DEDD™~ Mice—Last, we assessed insulin secretion and glu-
cose tolerance in DEDD /" mice in vivo. To this end, we first
kinetically analyzed the blood insulin levels in response to glu-
cose administration after mice were fasted for 2 h. As expected
from the overt reduction in 3 cell size and insulin content (pre-
sented in Fig. 3), insulin levels were less elevated at 2 or 20 min
after the glucose challenge in DEDD ™™ mice compared with
DEDD*'* mice (Fig. 44). Such inefficient insulin secretion in
DEDD '™ mice resulted in glucose intolerance. As shown in
Fig. 4B, at carly times after the glucose challenge, blood glucose
levels were more than 150% higher in DEDD™'7 than in
DEDD ™/ * mice, although they were comparable in both types
of mice before glucose administration (Fig. 4B). Two hours
after the injection of glucose, when the blood glucose level
decreased to the initial level in DEDD ™' mice, it was still twice
as high as that under the fasted condition in DEDD ™™ mice
(Fig. 4B). Thus, like in S6K1™'~ mice, DEDD ™™ mice suffered
glucose intolerance due to inefficient insulin secretion upon
glucose stimulation, which is accounted for by a reduction in
insulin mass in pancreatic islets.

Conclusion—In this report, we demonstrated that DEDD is
required for preservation of S6K1 activity during mitosis and
that this reaction increases overall S6I(1 activity in cells. This
finding may suggest that the maintenance of mitotic S6K1
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activity by the time of cytokinesis appears to be important to
gain efficient cell and body size in mammals. This scenario is
consistent with the observation by Boyer et al. (31), in which
S6K1 activity achieves the maximal levels in the mitotic phase.
Asin our previous finding (10), DEDD appears to be involved in
cell growth control prior to cell division via different mecha-
nisms (i.e. impediment of mitosis progression and maintenance
of S6KI activity). Importantly, both effects are achieved
through suppression of mitotic Cdkl, although further studies
are required to fully understand the mechanism of how DEDD
suppresses mitotic Cdkl activity. Nonetheless, such new
insights may further implicate the mitotic phase during the cell
cycle as a crucial period involved in balancing mammalian cell
size.

Although the DED-containing molecules were initially sup-
posed to be involved in apoptosis regulation, evidence has accu-
mulated that they have diverse functions (35, 36). For instance,
Arechiga et al. (37) reported that FADD and caspase-8, also
DED-containing family members, play essential roles in main-
taining S6K1 activity during G,/S phases by modulating Cdk2
in T cells. Likewise, RIP1 {receptor-interacting protein 1), also a
DED-containing kinase that mediates NF«B activation, regu-
lates p27'P! levels through the PI3K-Akt-forkhead pathway,
thereby promoting the G,/S transition (38). Together with our
findings of the effects of DEDD in the mitotic phase, these
observations may corroborate that the DED-containing ele-
ments appear to be widely involved in the control of the PI3K-
signaling cascade as well as in the progression of different cell
cycle phases. Because the PI3K pathway is crucial in the regu-
lation of cell metabolisms, further studies might investigate the
role of DED-containing proteins in various metabolic diseases.
Since DEDD ™™ mice revealed glucose intolerance, it might be
worthwhile to assess whether any dysfunction of DEDD is pres-
ent, either in the whole body or in specific tissues, in asubset of
type 2 diabetes patients. Schumann ef al. (39) reported that the
Fas pathway, where many DED-containing elements are asso-
ciated, is involved in 3 cell secretory function. Thus, DED-con-
taining proteins might also influence metabolic homeostasis
through apoptosis cascades, although DEDD™'" cells or mice
showed no apparent defect in apoptosis (10, 11). Future analy-
ses will clarify this issue more precisely.

Acknowledgments—We thank Drs. I Takamoto, T. Kubota, M.
Tsunoda, M. Kaneko, and Genostaff Inc. (in particular, K. Ohkubo)
and Tosoh Corp. for technical assistance; Dr. J.-1. Miyazaki for MING
cells; and M. Egami for preparing the manuscript.

REFERENCES

. Conlon, 1, and Raff, M. {1999) Cell 96, 235-244

. Montagne, J. (2000) Mol Cell. Biol. Res. Conunun. 4, 195-202

. Cooper, 8. {2004) BMC Cell Biol. 5, 35

. lorgensen, P, and Tyers, M. (2004) Curr. Biol. 14, 10141027

De Virgilio, C., and Loewith, R. (2006) Oncogene 25, 63926115

. Jorgensen, P, Nishikawa, ]. L., Breitkreutz, B. |, and Tyers, M. (2002)
Science 297, 395~ 400

. Rupes, L. (2002) Trends Genet. 18, 479 - 485

8. Kellogg, D. R. (2003} /. Cell Sci. 116, 4883~ 4890

9. Jorgensen, P, Rupes, I, Sharom, J. R, Schneper, L, Broach, LR, and Tyers,

M. (2004) Genes Dev. 18, 2491--2505

ACTUON

S R IR S e

3

VOLUME 284+ NUMBER 8+ FEBRUARY 20, 2009

010Z *0Z [udy uo ‘Aseigi] oMo Jo Ausieaiun je Bioogl mmm Wol) pspeojumog



