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Abstract The objective of this study was to characterise
the fulminant type 1 diabetes mellitus (DM) accompany-
ing abrupt hyperglycaemia and ketonuria observed in
insulin receptor substrate 2 (IRS2)-deficient mice. IRS2-
deficient mice backcrossed onto the original
C57BL/6]:Jct background (B6J-IRS2-- mice) for more
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than 10 generations were used. Eight male IRS2-deficient
mice with ketonuria and abrupt increase in plasma glu-
cose concentrations over 25 mmol/l were used as the ful-
minant type | diabetic mice (diabetic mice) and 8 male
IRS2-deficient mice (8 weeks old) without glycosuria
were used as the control mice. Plasma metabolite,
immunoreactive insulin (IRI) and C-peptide concentra-
tions, hepatic energy metabolism related enzyme activi-
ties and histopathological change in pancreatic islets were
investigated. The diabetic mice showed significantly
higher plasma glucose and cholesterol concentrations and
lower plasma IRI and C-peptide concentrations than the
control mice. In livers of the diabetic mice, glycolytic and
malate-aspartate shuttle enzyme activities decreased sig-
nificantly and gluconeogenic, lipogenic and ketone body
synthesis enzyme activities increased significantly com-

pared to those in the control mice. The pancreatic islets of

the diabetic mice decreased significantly in size and num-
ber of B cells. The diabetic IRS2-deficient mice did not
show the islet-related antibodies observed in the diabetic
NOD mice in their sera. The characteristics of the diabet-
ic IRS2-deficient mice resembled those of the human
nonautoimmune fulminant type 1 DM. IRS2-deficient
mice may be a useful animal model for studying the
degradation mechanism of pancreatic B cells in the
process of development of fulminant type | DM.

Keywords Insulin - IRS2 knockout mouse - Ketone body -
Liver - Type 1 diabetes mellitus

Introduction

Insulin receptor substrate (IRS) disorders are associated

with onset of insulin resistance, obesity and diabetes melli-
tus (DM) [1-3]. IRSI-deficient mice are growth-retarded
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and show skeletal muscle insulin resistance [1] but do not
develop DM because the hyperinsulinaemia associated
with the B-cell hyperplasia in these mice effectively com-
pensates for the insulin resistance [4, 5]. IRS2-deficient
(IRS2--) mice develop DM, presumably due to inadequate
B-cell proliferation combined with insulin resistance [6, 7}.
and the insulin resistance in IRS2-deficient mice is amelio-
rated by reduction of adiposity [3]. IRS2-deficient mice are
widely used for analysis of pathophysiology of human type
2 DM. In IRS2-deficient mice (C57BL/6XCBA hybrid
background) generated by Kubota and others {8] with
C57BL/6J:Jcl mice to establish an inbred line of IRS2-defi-
cient mice, serious type 1 diabetes accompanied by abrupt
and marked increase of their plasma glucose concentrations
and ketonuria was sometimes observed [9]. The symptoms
observed in IRS2-deficient mice with serious type I DM

with insulin-deficient hyperglycaemia resemblied those of

the human nonautoimmune fulminant type 1 DM reported
by Imagawa and others [10-12]. In the present study, con-
centrations of plasma metabolite, insulin and C-peptide,
activities of hepatic enzymes related to energy metabolism,
and histopathological changes in pancreas and islet-related
antibodies were investigated to characterise serious DM
with abrupt onset of insulin-deficient hyperglycaemia
observed in IRS2 deficiency and to evaluate the usefulness
of IRS2-deficient mice as an animal model for studying ful-
minant type | DM of humans.

Materials and methods
Mice

IRS2-deficient mice were backcrossed onto the original
C57BL/61:Jcl background (B6J-IRS27- mice) for more
than 10 generations. B6J-IRS27~ and wild-type mice
were prepared by intercrossing with B6J-IRS2-*+ mice,
which were used for in virro fertilisation and embryo
transfer. All mice were provided with a premium feed for
laboratory animals (CA-1. CLEA, Tokyo, Japan) and tap
water ad libitum. After weaning, 2-3 mice were housed
together in each open cage. The animal room was main-
tained at 24 = 2°C and at 55 + 10% relative humidity on
a 12:12-h lightdark cycle (light on 8:00 to 20:00).
Concentrations of blood glucose taken from the orbital
sinus of mice using a heparinised capillary tube were
monitored weekly using an automatic blood glucose
meter (Arkray, Kyoto! Japan). Eight male IRS2-delicient
mice (8 weeks old) without glycosuria according to
Diasticks (Bayer Medical Ltd., Tokyo. Japan) were used
as the control, because over 50% of male IRS2-deficient
mice after 10 weeks of age tended to show glycosuria
with obesity. Eight IRS2-deficient mice (8-20 weeks old)
with abrupt increase of blood glucose concentrations
over 25mmol/l within a week and ketonuria with keto-
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sticks (Bayer Medical Lid.. Tokyo. Japan) were deter-
mined as fulminant type | diabetic mice.

Sample preparation

Blood and liver were taken from mice anaesthetised with
pentobarbital sodium (40 mg/kg. intraperitoneally} and
euthanised between 11:00 and 14:00. Plasma was isolat-
ed by centrifugation at 4°C. Liver was excised. quick-
frozen in liquid nitrogen, and stored at —~80°C for subse-
quent analysis. Cytosolic and mitochondrial fractions
were prepared {rom the frozen liver by the reported
method [13].

Chemical analysis

Plasma glucose concentrations were measured by the
glucose oxidase method [14] and immunoreactive insulin
(IRI) concentrations were determined by the ELISA
described previously [15]. Plasma C-peptide. free fatty
acid (FFA), triglyceride (TG) and total cholesterol con-
centrations were determined using commercial kits pur-
chased from Wako Pure Chemical Industries (Tokyo,
Japan).

Enzyme activity assay

Activities of enzymes in hepatic cytosolic and mitochon-
drial fractions were measured by the previously reported
methods: hexokinase (HK) and glucokinase (GK) [16],
glucose 6-phosphate dehydrogenase (G6PD) [17]. lactate
dehydrogenase (LDH) [18]. malate dehydrogenase
(MDH) [19], aspartate aminotransferase (AST) [20],
phosphoenolpyruvate carboxykinase (PEPCK) [21].
fructose 1,6-bisphosphatase (FBPase) [22]. ATP citrate
lyase (ACL) [23]. malic enzyme [24], fatty acid synthase
(FAS) [25], glutamate dehydrogenase (GLDH) [26], 3-
hydrobutyrate dehydrogenase (3HBD) [27] and pyruvate
carboxylase (PC) [28]. Enzyme activity was measured at
25 + 2°C and expressed as nanomoles of substrate
degraded per minute per milligram of protein. Protein
concentrations were determined by the method of
Bradford [29] with bovine serum albumin (Wako Pure
Chemical Industries) as the standard. Activities of HK
and GK as rate-limiting enzymes in glycolysis, GO6PD as
rate-limiting enzyme in pentose-phosphate pathway,
LDH as cytosol marker enzyme, MDH and AST as cru-
cial enzymes in the malate-aspartate shuttle, PEPCK and
FBPase as rale-limiting enzymes in gluconeogenesis,
ACL, malic enzyme and FAS as rate-limiting enzymes in
fatty acid synthesis, PC as oxaloacetate-supplying enzy-
me to the tricarboxylic acid (TCA) cycle, GLDH as mito-
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chondrial marker enzyme and 3HBD as rate-limiting

. enzyme in ketone body synthesis were measured.

Immunohistochemistry of pancreatic islet cells

Removed pancreas of the control and the diabetic mice
(12 weeks old, plasma glucose. 31.1 mmol/l; plasma IRI,
36 pmol/l) were placed in 10% buffered formalin.
embedded in paraffin and sectioned at a thickness of 4
wm. Sections were pretreated with 0.03% H.O; in
methanol to block endogenous peroxidase activity. and
incubated for 60 min at room temperature with guinea
pig anti-swine insulin (DakoCytomation, Code No.:
N1542), followed by 30 min incubation with peroxidase-
conjugated rabbit anti-guinea pig immunoglobulins
(Dako A/S, Code No: POi41). Then, the sections were
incubated for 60 min at room temperature with rabbit
anti-human glucagon (DakoCytomation), followed by 30
min incubation with alkaline phosphatase-labelled poly-
mer conjugated goat anti-rabbit antibody (Nichirei, Code
No.: 414251). For double staining, peroxidase (brown,
DAB) and alkaline phosphatase (red, New Fuchsin) were
used, respectively.- The antigen-antibody reaction was
visualised by incubation in 0.05 M Tris—HCI buffer
(pH7.6) containing 0.02% 3.3’-diaminobenzidine and
0.006% H>O> and New Fuchsin Substrate Kit (Nichirei,
Code No.: 415161). Immunostained sections were coun-

terstained with haematoxylin for visualisation of nuclei. -

Observation of the islet-related antibodies in sera of mice

Existence of the islet-related antibodies was investigated
immunohistochemically in sera of NOD mice as autoim-
mune lype 1 diabetic model and IRS2-deficient mice
using pancreatic sections prepared from mice before
(control mice) and after (diabetic mice) onset of fulmi-
nant type 1 diabetes. All the pancreas specimens were
fixed in 10% buffered formalin and embedded paraffin,
moutted on amino-silane coated glass slides (Muto Pure
Chemicals, Osaka, Japan) and stained using the indirect
immunoperoxidase method. For each mouse, sera were

Table 1 Plasma metabolites, IRT and C-peptide concentrations in control and diabetic mice

wreated with 0.03% H>0> in methanol to measure the
endogenous peroxidase activity. After pre-incubation
with the 10% normal rabbit serum (Dako Cytomation,
Glostrup, Denmark) for 10 min at room (emperature, sec-
tions were then incubated with preclinical NOD/shi mice
sera, diabetic NOD/shi mice sera. control IRS2 mice sera
and diabetic IRS2 mice sera, followed by incubation
overnight at 4°C. Sections were serially incubated with
polyclonal rabbit anti-mouse immunoglobulins/HRP
antibodies (Dako Cytomation, Glostiup, Denmark) for 60
min at room temperature. The peroxidase activity was
visualised by incubation in a 0.05 M Tris-HCI buffer
(pH7.6) containing 0.02% 3.3’-diaminobenzidine (DAB)
and 0.006% H20: solution for 5 min. Immunostained
sections were counterstained with haematoxylin for visu-
alisation of nuclei.

Statistical analysis

All values are presented as means = SE and differences
between means were analysed by Student’s t-test (Sigma
Stat 3.0 for Windows, Hulinks. Tokyo, Japan). A p value
less than 0.05 was considered statistically significant.

Results

The body weights of the diabetic mice were 26.0 4.6 g
(mean * SD), smaller than those of the control mice
(29.6 = 3.8 g). As the diabetic mice (8-24 weeks of age)
were older than the control mice (8 weeks of age), the
reduction of body weights in the diabetic mice was sig-
nificant. All the diabetic mice showed ketonuria. In the
diabetic mice, the plasma glucose and cholesterol con-
centrations were significantly higher than those in the
controls, whereas plasma IRI and C-peptide concentra-
tions decreased significantly under one third of the con-
trol values. There were no significant differences in FFA
and TG concentrations between the diabetic and control
mice (Table 1). Activities of HK and GK in glycolysis
and MDH in the malate-aspartate shuttle in the cytosolic
fraction of liver in the diabetic mice were significantly

Cénlrol (8)

Diabetic (8)

Glucose (mmol/D 124+ 1.1 31.6 £ 4.3%
FFA (mEqg/l) 1.0x0.2 1.2+0.3
TG (mmol/l) 0.9 0.1 I.1 £0.2
Cholesterol (mmol/l) 23+02 4.2 +£0.7*
IRT (pmol/1) 240 + 30 54+ 12%
C-peptide (ng/m}) 34+04 1.1 £0.3

Values are presented as means £ SE
Numbers in parentheses indicate the number of animals examined
“p < 0.05 vs. controls
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Table 2 Hepatic enzyme activities in control and diabetic mice

Control (8)

Diabetic (8)

Cylosol HK 6.9 x0.5
GK 42 +0.6
G6PD 5105
LDH 1294 + 86
MDH 4288 = 160
AST 653+ 75
PEPCK 263
FBPase 68 = 8
ACL 3504
Malic enzyme 172
FAS 4.7 +0.35

Mitochondria GLDH 1834 = 116
MDH 2480 = 101
AST 1684 = 62
3-HBD 4102
PC 153 +3

4.7 £ 0.4%
1.3 x£0.3%
1.6 +0.3
1108 £ 163
3499 x 250*
615 x40

Mean = SE enzyme activities are presented as nmol of substrate degraded per min per mg protein

Numbers in parentheses indicate the number of animals examined
*p < 0.05 vs. controls

Fig. 1 Histopathological examinations of pancreatic islet cells of
IRS-2 deficient mice. Pancreatic-islets (arrows)y in a control mouse
(a) and a diabetic mouse (b). Magnification, X200

‘2_) Springer

Fig. 2 Observation of islet-associated autoantibodies in serum of
NOD and IRS-2 deficient mice. Columns 1. 2 and 3 present diabet-
ic NOD. contro} IRS2-deficient and diabetic IRS2-deficient mouse
pancreatic sections. respectively. Control NOD mouse serum (A)
reacted with diabetic NOD (A1), control {RS2 deficient (A2) and
diabetic IRS2 deficient mouse (A3) pancreatic sections. Diabetic
NOD (BI1-3), control IRS2 (CI-3) and diabetic IRS2 (D1-3) mouse
sera reacted with pancreatic sections. respectively
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lower than those of the control mice. Activities of
FBPase in gluconeogenesis and malic enzyme in fatty
acid synthesis in liver of the diabetic mice were signifi-
cantly higher than those of the controls. In the mitochon-
drial fraction of liver of the diabetic mice. activities of 3-
HBD were significantly higher than those of the controls,
whereas activities of AST and PC were significantly
lower than those of the controls. In the liver of the diabet-
ic mice. activities of cytosolic LDH. G6PD, AST and
mito¢hondrial GLDH were lower than those of the con-
trol mice (Table 2). On histopathological examination.
the pancreatic islets of the diabetic mice were significant-
ly decreased in size and number compared to those of the
control mice. In particular, size and number of insulin B
cells secreted in the diabetic mice decreased significant-
ly compared to those in the controls, whereas number of
glucagon [ cells secreted decreased a little. Remarkable
insulitis was not observed in pancreatic sections in the
diabetic mice (Fig. 1). In the serum of the diabetic NOD
mouse, the islet-related antibodies reacted with their own
islets (Fig. 2, B1) and IRS2-deficient mouse islets before
(Fig. 2. B2) and after (Fig. 2, B3) onset of fulminant dia-
betes. In the serum of the control NOD mouse without
glycosuria, the islet-related antibodies were not observed
(Fig. 2, A1-3). In sera of control and diabetic IRS2-defi-
cient mice, the islet-related antibodies were not observed
(Fig. 2, C1-3 and D1-3).

Discussion

Fulminant type 1 DM reported by Imagawa and others
[10, 11] accounts for 20% of type | diabetes in Japan
[30] and shows clinical characteristics of (1) remarkably
abrupt onset of disease; (2) very short (< [ week) dura-
tion of diabetic symptoms. such as polyuria, thirst and
body weight loss; (3) acidosis at diagnosis; (4) negative
status of islet-related antibodies. islet cell antibodies
(ICA), anti-glutamic acid decarboxylase antibodies
(GADAD), insulin autoantibodies (IAA) or anti-islet anti-
gen 2 antibodies (IA-2): (5) virtually no C-peptide secre-
tion (< 10 ng/day in urine); and (6) elevated serum pan-
creatic enzyme level [10]. In fulminant type 1 diabetes,
Fas and Fas ligand expression are lacking and the mech-
anism of § cell destruction differs from that in autoim-
mune type I DM [31, 32]. However the degradation
mechanism of B cells in fulminant type | DM of humans
is unknown.

The clinical symptoms of fulminant DM observed in
only male IRS2-deficient mice are significant increase in
plasma glucose and cholesterol concentrations and a sig-
nificant decrease in plasma IRI and C-peptide concentra-
tions. All the diabetic mice showed reduction of body
weight, glycosuria and ketonuria and they were consid-
ered to fall into complete insulin deficiency. In the diabet-

ic mice with insulin deficiency, their plasma TG and FFA
concentrations were expected to increase generally, how-
ever those concentrations were not changed in the IRS2-
deficient diabetic mice. In our previous report [9]. plasma
TG and FFA concentrations decreased significantly
notwithstanding plasma glucose and cholesterol concen-
trations increased significantly in the diabetic IRS2-defi-
cient mice at 14 weeks of age. Liver-specific insulin
receptor knockout (LIR-KO) mice with remarkable
insulin resistance showed a significant decrease in their
plasma TG and FFA concentrations [33]. As IRS2-defi-
cient mice seemed to have a unique regulation mechanism
of plasma TG and FFA concentrations, their characteris-
tics in lipid metabolism should be further studied in more
IRS2-deficient mice. In conclusion, the clinical character-
istics in fulminant diabetic IRS2-deficient mice resembled
those in fulminant type 1 DM of humans.

In liver of the diabetic IRS2-deficient mice, activities
of enzymes in glycolysis and the malate-aspartate shuttle
were significantly depressed, whereas those in gluconeo-
genesis and ketone body synthesis were significantly ele-
vated. Decreased activities of pyruvate carboxylase, sup-
plying oxaloacetate to the TCA cycle, suggested depres-
sion of citrate synthesis, the rate-limiting reaction of the
TCA cycle {34, 35]. and activation of ketone body syn-
thesis. Moreover, depression in the malate-aspartate shut-
tle means decreased ATP production [36, 37]. Decrease
in glycolysis or increase in gluconeogenesis and ketone
body synthesis may be typical metabolic changes
induced by complete insulin deficiency. Decreased activ-
ities of LDH. MDH. AST and GLDH in the diabetic
IRS2-deficient mice reflected depression of liver func-
tion frequently observed in the diabetic animals [38]. On
the other hand. histopathological examination of pan-
creas showed prominent atrophy of islets and decreased
size and number of B cells. whereas lfunction of o cells
was considered to be maintained in the diabetic IRS2-
deficient mice. In the diabetic IRS2-deficient mice,
hepatic steatosis is [requently observed [9]. The finding
of severe. selective destruction of pancreatic B cells was
considered to be one of the characteristics in fulminant
DM in IRS2-deficient mice. The diabetic IRS2-deficient
mice did not show the islet-related antibodies. observed in
the diabetic NOD mice as autoimmune type 1 DM model.
The degradation mechanism of pancreatic islet cells in
IRS2-deficient mice may differ clearly from that in the
diabetic NOD mice. IRS2-deficient mice develop dia-
betes because of insulin resistance in the liver and failure
to undergo B cell hyperphasia [39]. Progress of changes
in islet mass should be studied in the diabetic IRS2-defi-
cient mice to investigate pancreatic f cell destruction. At
the moment abrupt increase in plasma glucose concentra-
tions and appearance of ketonuria are available indicators
to decide complete insulin deficiency caused by pancre-
atic B cell destruction in diabetic mice.
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In IRS2-deficient mice. the sterol regulatory element-
binding protein (SREBP)-1 downstream genes. such as
ATP citrate lyase and fatty acid synthase genes, are signifi-
cantly increased and an excess amount of lipid is accumu-
lated in their tissues {39, 40]. Accumulated lipid is also con-
sidered to be one of the causes of injury to their pancreatic
islets. As fulminant DM in IRS2-deficient mice resembles
human fulminant type | DM, IRS2-deficient mice are a
good animal model for type 2 DM of humans and some
IRS2-deficient mice with fulminant type I DM may be a
useful animal model for studying the degradation mecha-
nism of pancreatic j cells in progressing to fulminant type
1 DM.
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Adiponectin suppresses colorectal carcinogenesis
under the high-fat diet condition

T Fujisawa,' H Endo,’ A Tomimoto," M Sugiyama,' H Takahashi,' S Saito,' M Inamori,’
N Nakajima,2 M Watanabe,® N Kubota,* T Yamauchi,' T Kadowaki,* K Wada,®

H Nakagama,® A Nakajima'

ABSTRACT

Background and aims: The effect of adiponectin on
colorectal carcinogenesis has been proposed but not fully
investigated. We investigated the effect of adiponectin
deficiency on the development of colorectal cancer.
Methods: We generated three types of gene-deficient
mice {adiponectin-deficient, adiponectin receptor 1-
deficient, and adiponectin receptor 2-deficient} and
investigated chemical-induced colon polyp formation and
cell proliferation in colon epithelium. Western blot analysis
was performed to elucidate the mechanism which
affected colorectal carcinogenesis by adiponectin defi-
ciency.

Results: The numbers of colon polyps were significantly
increased in adiponectin-deficient mice compared with
wild-type mice fed a high-fat diet. However, no difference
was observed between wild-type and adiponectin-
deficient mice fed a basal diet. A significant increase in
cell proliferative activity was also observed in the colonic
epithelium of the adiponectin-deficient mice when
compared with wild-type mice fed a high-fat diet;
however, no difference was observed between wild-type
and adiponectin-deficient mice fed a basal diet. Similarly,
an increase in epithelial cell proliferation was observed in
adiponectin receptor 1-deficient mice, but not in
adiponectin receptor 2-deficient mice. Westem blot
analysis revealed activation of mammalian target of
rapamycin, p70 S6 kinase, S6 protein and inactivation of
AMP-activated protein kinase in the colon epithelium of
adiponectin-deficient mice fed with high-fat diet.
Conclusions: Adiponectin suppresses colonic epithelial
proliferation via inhibition of the mammalian target of the
rapamycin pathway under a high-fat diet, but not under a
basal diet. These studies indicate a novel mechanism of
suppression of colorectal carcinogenesis induced by a
Western-style high-fat diet.

Adipose tissue produces and secretes several bioac-
tive substances’* known as adipocytokines® and
obesity is an important risk factor for many human
diseases, including colorectal cancer and diabetes
mellitus.* * Several case—control studies have shown
that high-fat diets may promote the development of
colorectal cancer,® and the results of animal experi-
ments suggest the existence of a link between fat
intake and colorectal cancer’. Adiponectin is mainly
secreted by adipocytes® and is a key bhormone
responsible for insulin sensitisation.” ** While adipo-
nectin protein is abundantly found in the plasma of
healthy human subjects,” adiponectin mRNA levels
in the adipose tissue and plasma are dramatically
decreased in patients with obesity and/or type 2
diabetes mellitus.”* ¥ Because both obesity and type

Gut 2008;57:1531--1538. doi:10.1136/gut.2008.158293

2 diabetes have been reported to be associated with
an elevated risk of colorectal cancer, "¢ we hypothe-
sised that the plasma level of adiponectin may be
related to the risk of colorectal cancer.

Several contradictory results have been repoxted
from human clinical studies on the relationship
between the plasma levels of adiponectin and the
risk of colorectal cancer.” '* While some clinical
studies have been conducted in humans, no studies
investigating the relationship between the plasma
levels of adiponectin and the risk of colorectal
cancer have been reported in animal models.
Therefore, the mechanism underlying the promo-
tion of colorectal carcinogenesis by adiponectin
deficiency still remains unclear.

It is now well known that the adiponectin
receptor exists in two isoforms: adiponectin
receptor 1 (AdipoR1), which is abundantly
expressed in the skeletal muscle; and adiponectin
receptor 2 (AdipoR2), which is predominantly
expressed in the liver.”” These receptors mediate
the enhanced activation of AMP-activated protein
kinase (AMPK) and the peroxisome proliferator-
activated receptor o (PPARa), as well as the
increase in fatty-acid oxidation and glucose uptake
induced by adiponectin.® *

Recently, involvement of the AMPK/mamma-
lian target of rapamycin (mTOR) pathway in the
development of various types of cancer has
attracted attention.** The important role of
mTOR in mammalian cells is related to its control
of mRNA translation. The targets for mTOR
signalling are proteins involved in controlling the
translational machinery, including the ribosomal
protein S6 kinases and S6 proteins that regulate the
initiation and elongation phases of translation.® *
With regard to the upstream control, mTOR is
regulated by signalling pathways linked to several
oncoproteins or tumour suppressors, including
AMP-activated protein kinase (AMPK).® ¥ mTOR
is located at the intersection of major signalling
pathways and is believed to be capable of integrat-
ing a large panel of stress signals, including
nutrient deprivation, energy depletion, and oxida-
tive or hypoxic stresses. In particular, AMPK
activation has been reported to directly inhibit
mTOR?® and suppress cell proliferation.

Using adiponectin-deficient mice (KO) we there-
fore investigated whether adiponectin deficiency
might promote the development of colorectal
cancer, and examined the involvement of the
AMPK/mTOR pathway in the effect of adiponec-
tin on colon carcinogenesis.
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Table 1 Histological findings of azoxymethane-induced colon polyps in
adiponectin-deficient (KO) mice and wild-type {WT) mice receiving a
high-fat diet

Experimental group Adenocarcinoma Adenoma Total
WT (n = 10) 15 {42%) 21 {58%) 36 (100%)
KO {n = 10) 51 {60%) 34 (40%) 85 (100%)

MATERIALS AND METHODS

Animal models
All mice were treated humanely in accordance with the
National Institutes of Health and AERI-BBRI Animal Care
and Use Committee guidelines. Adiponectin (ACRP30 or
AdipoQ)-deficient (ACRP30—/—) mice (KO mice) and adipo-
nectin Teceptor 1 or 2-deficient mice (AdipoR1—/— or
AdipeR2—/—) were generated by our group as described
previously.” We performed the experiments in this study using
littermate mice backcrossed to C57B1/6 for 10 generations.
The animals were fed a basal diet or a high-fat diet until the
end of the study. The composition of both diets is listed in
supplementary table 1. Three to five mice were housed per
metallic cage with sterilised softwood chips as bedding, in a
barrier-sustained animal room air-conditioned at 24 (SD 2)°C
and 55% humidity, under a 12 h light-dark cycle.

Induction of colon polyps

Azoxymethane (AOM) was purchased from Sigma (St. Louis,
Missouri, USA). Mice (6 weeks old) were divided into four
groups: (1) WT mice fed the basal diet (n = 10), (2) KO mice fed

Figure 1 Promotion of colon polyp
formation in adiponectin-deficient (KO)
mice under the high-fat diet condition.
(A} Upper panel: Macroscopic findings of
calon polyp in wild-type (WT) and KO
littermate mice under the high-fat diet
condition at 20 weeks following initiation
of azoxymethane (AOM) injection. Lower
panel: Number and diameter of polyps per
mouse in the high-fat diet groups. Each
column represents the mean {with the
SEM), *p<c0.05. (B} Survival rate of the
WT and KO littermates under the high-fat
diet condition. The survival rate of the WT
mice (solid line) was significantly higher

A

{20 weeks after AOM injection)

the basal diet (n=10), (3) WT mice fed the high-fat diet
(n=10), and (4) KO mice fed the high-fat diet (n = 10). Mice
were injected intraperitoneally with 10 mg/kg of AOM once a
week for 6 weeks and sacrificed at 20 weeks following initiation
of AOM injection to evaluate the difference in the extent of

polyp formation between the KO and WT mice (supplementary
fig 1A).

Induction of aberrant crypt foci

Mice (6 weeks old) were divided into four groups: (1) WT mice
fed the basal diet (n = 12 mice), (2) KO mice fed the basal diet
{(n=11), (3) WT mice fed the high-fat diet (n = 11), and (4) KO
mice fed the high-fat diet (n = 11). Mice were given two weekly
intraperitoneal injections of 10 mg/kg of AOM and sacrificed at
6 weeks following initiation of AOM injection (supplementary
fig 1B). The protocol of the 2-amino-1-methyl-6-phenylimidazo-
[4,5-b)pyridine (PhIP)-induced aberrant crypt foci (ACF) model
is shown in supplementary fig 2A.%

Effect of the AMP kinase activator and mTOR inhibitor on colon
carcinogenesis

The AMP kinase activator 5-aminoimidazole-4-carboxamide-1-p-
D-ribofuranoside (AICAR) and the mTOR inhibitor rapamycin
were purchased from BIOMOL (Plymouth Meeting, PA, USA).
WT and KO mice (6 weeks old) were intraperitoneally injected
with AICAR (0.1 mg/kg/day), rapamycin (0.2, 0.4, 0.8 mg/kg)
or vehicle (saline) until the end of the experiment. The mice in
each group were fed the high-fat diet and received AOM
injections according to the ACF protocol.

than that of the KO mice {broken line)

under the high-fat diet condition. More
than half of the KO mice died by the end
of the study, while only two of the WT
mice died. (C) Invasive polyps in the
colons obtained from the KO mice under
the high-fat diet condition. Haematoxylin

@
and eosin staining {upper and middle 3
panels) and Elastica van Gieson staining g
(EVG stain, lower panel) were performed g
using samples isolated from three z
individual animals. a
G
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Figure 2 Enhancement of the formation
of aberrant crypt foci {ACF) in
adiponectin-deficient {KO} mice under the
high-fat diet condition. {A,B) Average
number of ACF {A) and aberrant crypts
{ACs) (B} in the two groups, wild-type
{WT) and KO littermate mice, under the-
high-fat condition, respectively. Each
column represents the mean {with the
SEM}, *p<<0.05, **p<0.01. 0 1
{C) Stereomicroscopic observations of WT

ACF in colon tissue from each group. The
samples were stained with 0.2%
methylene blue. (D} Representative
haematoxylin and eosin staining of ACGF in
WT and KO mice under the high-fat diet
condition.

>

*%
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|
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w
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Histolagical analysis of the aberrant crypt foci and colon polyps
The entire colon was removed and fixed in 10% neutralised
formalin and the numbers of polyps, ACF and aberrant crypts
(ACs) were counted as described previously.™ To facilitate
counting, the colons were stained with 0.2% methylene blue
solution and observed by stereomicroscopy. After being
counted, they were removed and embedded in paraffin blocks
according to standard procedures. Paraffin sections were then
prepared at 3.0 pm thickness, stained with hematoxylin & eosin
and Elastica van Gieson staining for a detection of submucosal
invasion, and subjected to histological analysis.

Analysis of the survival rate

In the polyp induction experiment, both the KO’ (n=11) and
WT (n=12) mouse groups were continuously observed for
45 weeks. Survival curves were drawn using the Kaplan—-Meier
method and analysed using the log-rank test.

Assay for assessment of the proliferative activity of the colon
epithelial cells

We evaluated the bromodeoxyuridine (BrdU) and the prolifer-
ating cell nuclear antigen (PCNA) labelling indices to determine
the proliferative activity of the colon epithelial cells. BrdU (BD
Biosciences, New Jersey, USA) was diluted in phosphate-
buffered saline at 1 mg/ml and administered intraperitoneally
at a dose of 50 mg/kg, 1 h prior to the sacrifice of the mice.
Immunchistochemical detection of BrdU was performed using a
commercial kit (BD Biosciences) and a PCNA detection kit
(Zymed laboratories, South San Francisco, California, USA)
was used for PCNA detection. The BrdU and PCNA labelling
indices were expressed as the ratio of the number of positively
stained nuclei to the total number of nuclei counted in the
crypts of the colon. The criteria for selecting the crypts included
the presence of a clearly visible and continuous cell column on
each side of the crypt. Twenty crypts were evaluated each
mouse.

Immunoblotting
The extracted protein was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and the

Gur 2008;57:1531-1538. doi:10.1136/gut.2008.158293

High-fat diet

High-fat diet

separated proteins were transferred to a polyvinylidene difluor-
ide (PVDE) membrane (Amersham, London, UK). The mem-
branes were probed with primary antibodies specific for
adiponectin receptor 1, adiponectin receptor 2 (Santa Cruz
Biotech, California, USA), phospho-AMPK, AMPK, phospho-
mTOR, mTOR, phospho-S6K, S6K, phospho-S6 protein, S6
protein (Cell Signaling Technalogy, Darivers, Massachusetts,
USA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
{Trevigen, Gaithersburg, Maryland, USA). Horseradish-perox-
idase-conjugated secondary antibodies and the enhanced che-
miluminescence (ECL) detection kit (Amersham) were used for
the detection of specific proteins.

Statistical analysis

Statistical analyses for the number of ACF, number of colon
polyps, BrdU labelling index and PCNA labelling index were
conducted using the Mann-Whitney test. The results for
western blot analysis were obtained using the Student t test.
Values of p<0.05 were regarded as denoting statistical
significance.

RESULTS

Promotion of colon polyp formation and lower survival rate in
adiponectin-deficient mice under the high-fat diet
The number of polyps in the KO mice was significantly higher
than that in the WT mice under the high-fat diet (fig 1A), while
there was no difference in the total number of polyps between
the WT and KO mice under the basal diet (supplementary fig 3).
The sum of the diameter of the polyps per mouse was also
measured and similar results were obtained. Table 1 shows
histological findings of polyps in mice under high-fat diet. We
also observed the survival rate of the WT and KO mice under
the high-fat diet condition in the AOM model, and there was a
significantly higher survival rate in the WT mice than in the KO
mice. While more than half of the KO mice were dead by the
end of the study, only two WT mice died (fig 1B).
Interestingly, invasion by malignant cells was observed in
parts of the polyps exclusively in the KO mice under the high-
fat diet, and the malignant cells were found to have destroyed
the muscularis mucosae and invaded the submucosal layer in
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Figure 3 Increase in the colonic A
epithelial cell proliferative activity in

adiponectin-deficient (KO) mice under the = 10— * - %7

high-fat diet condition. {A,B) Average & f s 55

bromodeoxyuridine (BrdU) labelling index 3% 8 3

{A) and proliferating cell nuclear antigen 2 E 50 —

{PCNA) labelling index (B} in each group D 6 2

in the aberrant crypt foci {ACF) formation = = 45

experiment. BrdU was administered % 47 T 8 40 -

intraperitoneally 1 h prior to the sacrifice 3 <

of the animals. Both indices were T 27 Z 35

expressed as the percentage of positively @ a

stained nuclei out of the total number of 0 f 30

nuclei counted in the crypts of the colon. hid) Ko wr KO
Each bar represents the mean (with the High-fat diet High-fat diet

SEMY}, *p<<0.05, **p<0.01.

(C,D) Representative
immunohistochemical staining for BrdU
(C) and PCNA (D} in each group.

(E,F) Wild-type (WT) mice and KO
littermate mice fed the high-fat diet were
injected intraperitoneally with 50 ug/body
recombinant full-length adiponectin

{f-Adipo) or 5 pg/body recombinant

globular adiponectin domain {g-Adipo) or High-fat dist High-fat diet
only vehicle every other day for 6 weeks £ .
in an ACF experiment. Adiponectin .
ameliorates the epithelial cell . 14 —
hyperproliferation in the KO mice under 3 101 — | & 12 : !
the high-fat diet condition (E). The same - | 3
effect was observed on the suppression 8 é 10—
of ACF formation (F). £ 5 G 8-

= o 7

— 4 — -

g T Rl

s, i

2 2

@ 0 T 10 1

wT Vehicle f-Adipo g-Adipo WT Vehicle  f-Adipo  g-Adipo
KO KO
High-fat diet High-fat diet

the tissue specimens (fig 1C), whereas no such invasion was
observed in the WT mice. At the énd of experiment, the body
weight in KO mice was decreased compared to WT mice under
the high-fat diet (supplementary fig 4A,B).

Enhanced formation of aberrant crypt foci in adiponectin-
deficient mice under the high-fat diet

To investigate the effect of adiponectin in suppressing colon
carcinogenesis under the high-fat diet, we analysed colon
specimens for the formation of ACF, defined as clusters of
aberrant crypts, as a marker of the early stage of colorectal
carcinogenesis.” ¥ Although there were no significant differ-
ences in the total number of ACF and ACs between the WT and
KO littermates mice under the basal diet (data not shown), the
numbers of ACF and ACs in the KO mice were significantly
higher than those in the WT littermates under the high-fat diet
(fig 2A.B). The macroscopic and microscopic characteristics of
the ACF in the WT and KO mice under the high-fat diet
condition are shown in fig 2C,D; no morphological diferences
of the ACF were observed between the WT and the KO mice.
The differences in the body weight (supplementary fig 4C,D)
and the serum levels of adiponectin, glucose, insulin, lipids, and
rumour necrosis factor o between the WT and the KO mice are
shown in supplementary table 2. In agreement with previous

metabolic studies of adiponectin-deficient mice,* there were no
differences between the two groups under the high-fat diet. To
confirm the protective role of adiponectin in colorectal
carcinogenesis, the food-borne carcinogen PhiP was used as a
second model of colon carcinogenesis in mice fed a high-fat diet.
Similar results to those obtained using the AOM-induced
carcinogenesis model was obtained (supplementary fig 2).

Increase in cell proliferative activity in adiponectin-deficient
mice under the high-fat diet condition

We investigated the proliferative activity of the colon epithe-
lium by determining the BrdU and PCNA labelling indices. Both
indices were increased in the KO mice as compared with their
WT littermates under the high-fat diet (fig 3A-D). On the other
hand, there was no difference under the basal diet {(data not
shown). Moreover, we examined both indices in colon polyps
under the high-fat diet but there was no difference between WT
and KO mice {supplementary fig 5).

Adiponectin ameliorates epithelial cell hyper-proliferation in
adiponectin-deficient mice under the high-fat diet condition
We administered recombinant adiponectin via an intraperito-
neal injection to KO mice in comparison to their WT littermates
under the high-fat diet condition. Globular domain adiponectin

Gut 2008;57:1531-1538. doi:10.1136/gut.2008.159293



Figure 4 Expression of the adiponectin A

receptors AdipoR1 and AdipoR2 in the & 1.2
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exerted a more potent effect on the suppression of proliferative
activity of colon epithelial cells than full-length adiponectin
under the high-fat diet (fig 3E). The same effect was observed
on the suppression of ACF formation (fig 3F).

The increase in cell proliferative activity in adiponectin receptor
1-deficient mice under the high-fat diet

By using western blot analyses we investigated whether
adiponectin receptors are expressed in the colon epithelium,
and observed that AdipoR1 was predominantly expressed in the
colon in comparison to AdipoR2 (fig 4A).

The BrdU index in the AdipoR1—/~ mice was significantly
higher than in their WT littermates under the high-fat diet
(fig 4B). The numbers of ACF and ACs in the AdipoR 1 —/~ mice
were also significantly higher than their WT littermates (fig 4D).
However, no difference in BrdU index and the number of ACF
was observed in AdipoR2—/— mice and their WT littermates
(fig 4C.E). These results suggest that the AdipoR1-mediated,
but not the AdipoR2-mediated, pathway may play an impor-
tant role in the suppressive effect of adiponectin on colorectal
carcinogenesis under the high-fat diet, not under the basal diet.

Gut 2008;57:1531--1538. doi:10.1136/gut.2008.158293

The mTOR pathway is relatively activated in the colon epithelium
of adiponectin-deficient mice in comparison to wild-type mice
under the high-fat diet

In order to clarify the mechanisms underlying the enhanced
proliferative activity of the colon epithelial cells in the presence
of adiponectin deficiency, we investigated the expression levels
of various potential target proteins in colonic specimens
prepared from the WT mice and KO mice under the high-fat
diet. The results of western blot analysis revealed that the
amounts of phosphorylated mTOR, S6 kinase and S6 protein
were significantly higher in the KO mice compared with the
WT mice under the high-fat diet (fig 5B-D). It has been reported
that adiponectin activates AMPK via AdipoR1, and AMPK is
known to suppress the mTOR pathway.”* A significant
decrease in the level of phosphorylated AMPK was observed in
the KO mice compared with that in the WT mice under the
high-fat diet (fig 5A). Moreover, adiponectin administration
ameliorated activation of the AMPK/mTOR pathway in KO
mice under the high-fat diet condition (supplementary fig 6).
These results indicate that, under the high-fat diet, deficiency of
adiponectin suppresses AMPK activation, which results in
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Figure 5 Activation of the mammalian
target of rapamycin (mTOR} pathway in-
adiponectin-deficient (KO} mice compared
with that in wild-type {WT) mice under

the high-fat diet condition. Western blot
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activation of the mTOR pathway directly involved in cell
proliferation. To confirm whether adiponectin actually sup-
presses the AMPK/mTOR pathway, we treated mice with the
specific AMPK activator AICAR, or the mTOR inhibitor
rapamycin. The increase of cell proliferation in the colon
epithelium was significantly suppressed by AICAR in the KO
mice under the high-fat diet, but no effect in WT mice under
high-fat diet (fig 6A.B). Similarly, ACF formation was sig-
nificantly suppressed by AICAR in the KO mice under the high-
fat diet, but not in the WT mice (fig 6C). In the KO mice under
the high-fat diet, treatment with.rapamycin significantly
reduced the BrdU index in a dose dependent manner and ACF
formation (fig 6D,E). These results indicate that the activation
of the mTOR pathway may play important roles in the increase
in epithelial cell proliferation in KO mice under the high-fat diet,
and may play an important role in the promotion of colon
carcinogenesis in KO mice under the high-fat diet condition.

DISCUSSION

The existence of a relationship between high-fat diets and
colorectal cancer has been speculated for a long time, but no
definitive conclusions have been arrived at yet.™ It has been
reported that the secretion of adiponectin from adipocytes is
suppressed in obese humans’' Considered together with the
knowledge that obesity is also an important risk factor for
colorectal cancer,’ we speculated that adiponectin might
suppress the development of colorectal cancer.
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We demonstrated significantly enhanced formation of polyps
and ACF in the KO mice compared with that in the WT mice
under the high-fat diet. Furthermore, an increase in profiferative
activity of colonic epithelial cells was also observed in the KO
mice under the high-fat diet, but not under the basal diet. These
results suggest that under the high-fat diet, but not under basal
diet, a deficiency of adiponectin significantly promotes the
prolifexative activity of the colonic epithelial cells, and thereby
may be promoting colorectal carcinogenesis. We demonstrated
that the AdipoR1 is predominantly expressed in colon epithe-
tium. The increase in the proliferative activity of the colonic
epithelial cells and the number of ACF were observed in
AdipoR1—/~ mice, not in the AdipoR2—/— mice, under high-
fat diet condition. These results suggest that the AdipoRI-
mediated, but not the AdipoR2-mediated, pathway may play an
important role in the suppressive effect of adiponectin on the
increased in epithelial cell proliferation under the high-fat diet.

We demonstrated the activation of the mTOR pathway and
inactivation of AMPK in colon epithelial cells in the KO mice
under the high-fat diet, but there was no difference under the
basal diet (data not shown). Moreover, the replacement of
adiponectin ameliorated the activated mTOR pathway by
adiponectin deficiency. AICAR, the AMPK specific activator,
suppressed the increase in epithelial cell proliferation in KO
mice, but not in WT littermates, under high-fat diet.
Furthermore, rapamycin, an mTOR inhibitor, also significantly
suppressed the increase in epithelial cell proliferation only in KO
mice under high-fat diet in a dose dependent manner,
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Figure 6 Suppression of epithelial cell hyper-proliferation by activation of AMP-activated protein kinase {AMPK) or by inhibition of the mammalian
target of rapamycin {mTOR) in adiponectin-deficient {KO) mice under the high-fat diet condition. Wild-type (WT) mice {6 weeks old} were injected
intraperitoneally with the AMPK activator 5-aminoimidazole-4-carboxamide-I-B-p-ribofuranoside (AICAR} (0.1 mg/kg/day), or vehicle until the end of the
experiment. Mice in the high-fat diet group were also given two weekly intraperitoneal injections of 10 mg/kg of azoxymethane {AOM). {A) Average
bromodeoxyuridine {BrdU) labelling index in the WT and KO mice treated {+) or not treated {—) with AICAR under the high fat diet condition. BrdU was
administered intraperitoneally 1 h prior to the sacrifice of the animals. Each column represents the mean {with the SEM), *p-<0.05. {B) Representative
immunchistochemical staining patterns for BrdU in each group. (C) Average number of aberrant crypt foci {ACF) in the WT and KO mice treated {+) or
not treated {—) with AICAR under the high fat diet condition. (D) WT and KO mice fed the high-fat (HF) diet were injected intraperitoneally with various
doses of rapamycin (0.2, 0.4, 0.8 mg/kg} or only with vehicle every other day for 6 weeks. Average values of the BrdU index were decreased in the KO
mice in a dose dependent manner, but not in the WT mice. *p<<0.05 compared to non-treated KO mice. {E) Average number of ACF in the WT and KO
mice treated {+) or not treated (—) with rapamycin (0.8 mg/kg) under the high fat diet condition. Each bar represents the mean (with the SEM),

*p<<0.05.

suggesting that mTOR plays an important role in promoting
epithelial cell proliferation where there is a lack of adiponectin
under a high-fat diet. It has been reported that AMPK directly
inhibits mTOR> Therefore we speculate that the AMPK/
mTOR pathway is a possible mechanism closely involved in the
protective effect of adiponectin in colon carcinogenesis under
the high-fat diet (supplementary fig 7). Concerning other major
pathways in the carcinogenesis, it was reported that adiponec-
tin attenuated the adenomatous polyposis coli (APC)/B-catenin
pathway,™ and increased p53 expression” in different kinds of
cancer cells. p53 also suppresses the mTOR pathway through
activation of phosphatase and tensin homologue deleted on
chromosome ten (PTEN), AMPXK, insulin-like growth factor-1-
binding protein 3 (IGF1-BP3) and tuberous sclerosis complex-2
(TSC-2).* Although the mechanism underlying the promotion
of colon carcinogenesis by a high-fat diet is still unknown, our

Gut 2008;57:1531--1538. doi:10.1136/gut.2008.169293

present data strongly suggest that plasma adiponectin derived
from adipocytes suppresses the mTOR pathway through the
activation of AMPK, resulting in suppression of the cell
proliferative activity and, thereby, suppression of colon carci-
nogenesis, under the high-fat diet. However, in the event of a
decrease in plasma adiponectin level, AMPK activity is
suppressed, resulting in the activation of mTOR and the
members downstream in the pathway, such as the p70 56
kinase and S$6 protein. We speculate that activation of the
mTOR pathway directly promotes colonic epithelial cell
proliferation and, thereby, colorectal carcinogenesis.

It has been reported that the plasma adiponectin levels are
decreased in humans under the conditions of obesity and/or
diabetes mellitus.'" However, it was reported that plasma
levels of adiponectin in the mice are not decreased in response
to high-fat feeding for several weeks.” Therefore, we used

1537



adiponectin-deficient .mice to elucidate the role of adiponectin
on colonic epithelial proliferation and carcinogenesis under the
high-fat diet. Our experimental condition in which we used
adiponectin-deficient mice fed a high-fat diet may well have
reflected these pathophysiological conditions in humans.

The purpose of our study was to elucidate the role of
adiponectin on colon carcinogenesis, not to elucidate the
mechanism whereby a high-fat diet promotes carcinogenesis.
This mechanism remains unknown. However, we could provide
a possible mechanism underlying the protective roles of
adiponectin in colorectal carcinogenesis promoted by a high-
fat diet We consider that AMPK and mTOR may be novel
therapeutic targets for the prevention of colorectal cancer under
the low levels of plasma adiponectin in an obese population
where the obesity is a result of a Western-style diet with a high
fat content. Our results shed light on a novel mechanism by
which adiponectin might suppress carcinogenesis mediated by a
high-fat diet. Continued investigation to elucidate the precise
mechanisms involved is necessary because of the major clinical
implications.
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Miura S, Kai Y, Kamei Y, Bruce CR, Kubota N, Febbraio MA,
Kadowaki T, Ezaki O. ax-AMPK activity is not essential for an
increase in fatty acid oxidation during low-intensity exercise. Am J
Physiol Endocrinol Metab 296: E47-ESS5, 2009. First published Oc-
tober 21. 2008; doi:10.1152/ajpendo.90690.2008.—A single bout of
exercise increases glucose uptake and fatty acid oxidation in skeletal
muscle, with a corresponding activation of AMP-activated protein
kinase (AMPK). While the exercise-induced increase in glucose
upiake is partly due to activation of AMPK, it is unclear whether the
increase of fatty acid oxidation is dependent on activation of AMPK.
To examine this, transgenic mice were produced expressing a domi-
nant-negative (DN) mutant of «-AMPK (o,-AMPK-DN) in skeletal
muscle and subjected to treadmill running. «;-AMPK-DN mice ex-
hibited a 50% reduction in &;-AMPK activity and almost complete
loss of c;-AMPK activity in skeletal muscle compared with wild-type
littermates (WT). The fasting-induced decrease in respiratory quotient
(RQ) ratio and reduced body weight were similar in both groups. In
contrast with WT mice, «;-AMPK-DN mice could not perform
high-intensity (30 m/min) treadmill exercise, although their response
to low-intensity (10 m/min) treadmill exercise was not compromised.
Changes in oxygen consumption and the RQ ratio during sedentary
and low-intensity exercise were not different between c,-AMPK-DN
and WT. Importantly, at low-intensity exercise. increased fatty acid
oxidation in response to exercise in soleus (type I, slow twitch muscle)
or extensor digitorum longus muscle (type 11, fast twitch muscle) was
not impaired in «,-AMPK-DN mice. indicating that o;-AMPK-DN
mice utilize fatty acid in the same manner as WT mice during
low-intensity exercise. These findings suggest that an increased oo-
AMPK activity is not essential for increased skeletal muscle fatty acid
oxidation during endurance exercise.

adenosine 5'-monophosphate-activated protein kinase; fasting; respi-
ratory quotient ratio: {atty acid oxidation; mitochondria: 5-aminoimi-
dazole-d-carboxamide- 1-B-n-ribofuranoside

AN ACUTE BOUT OF EXERCISE increases skeletal muscle glucose
uptake by translocating the intracellular glucose transporter 4
(GLUTH4) to the plasma membrane (10, 14) and increases fatty
acid oxidation by stimulating carnitine palmitoyl transferase 1
(CPT1) activity. which limits fatty acid wansport into mito-
chondria (33, 41). Both steps may be mediated by activation of
AMP-activated protein kinase (AMPK), a sensor of fuel levels
in skeletal muscle (15). AMPK is a heterotrimer composed of
an « (e and an)-catalytic subunit and B (B and Ba)- and y (v,
v~ and «y3)-noncatalytic subunits. Of the 12 possible subunit
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combinations, only 3 exist in human skeletal muscle, namely
ai/Balvi. «2/Balyi, and aofBalys (4). Expression of v3 is
predominately restricted to glycolytic skeletal muscle [type 1L,
i.e., extensor digitorum longus (EDL); Ref, 24]. It is expressed
at very low levels in oxidative muscles (type I, i.e., soleus).
The roles of «;, as, and y: in skeletal muscles for glucose
metabolism during muscle contraction (or exercise) have been
extensively studied; however, the importance of AMPK activ-
ity in regulating fatty acid oxidation during exercise is unclear. -
Mice expressing a dominant-negative (DN) AMPK trans-
gene in skeletal muscle and ay- and ap-knockout mice have
been produced (13, 19, 20, 28, 37), and the role of AMPK on
contraction-induced glucose uptake has been investigated. Mu
et al. (28) reported that glucose transport activity in soleus and
EDL from o2-AMPK-DN mice after in situ electrical contrac-
tion was only 30% less than that in wild-type (WT) mice. Fujii
et al. (13) produced a;- and a-AMPK-DN transgenic mice
and found that these transgenic mice showed the same pheno-
type in which ap-activity in skeletal muscle was barely detect-
able and «, activity was partially reduced. Contraction-stimu-
lated glucose transport in isolated EDL, tibialis anterior, or
gastrocnemius was normal in «;-AMPK-DN transgenic mice
(13). In addition, when force production during contraction ex
vivo was matched between WT littermates and a.-AMPK-DN
mice, a similar increase in contraction-induced glucose trans-
port was observed in isolated EDL from both groups of mice
(13). In whole body «;- and az-knockout mice, glucose trans-
port activity in electrically stimulated (100-Hz, 0.2-ms impulse
for 10 min), isolated soleus and EDL from either oy- or
wr-AMPK knockout subgroups was not impaired, This sug-
gests that the two a-isoforms can compensate for each other in
terms of contraction-induced glucose uptake or that neither
a-isoform is involved in contraction-induced glucose uptake
(19). These studies used tetanic stimulation, a relatively strong
electrical stimulation. However, increases in isoform specific
AMPK activity differed by mode of electrical stimulation (36).
In ex vivo experiments (in isolated EDL), electrical twitch
contraction (1 and 2 Hz, 0.1 ms for 2 min) activated o,-AMPK
but not «;-AMPK, whereas tetanic contraction (100-Hz, train
duration = 10 s, 10 min) activated both «-AMPK and -
AMPK activities (36). Both twitch and tetanic contractions
could increase glucose uptake in EDL (36). Recently, it was
reported (17) that increased glucose transport in response to
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electrical twitch contraction was not observed in «;-AMPK
knockout mice, suggesting that o;-AMPK activity is required
for stimulation of glucose uptake by twitch contraction. How-
ever, it is unknown whether low-intensity twitch contraction ex
vivo is relevant to low-intensity exercise in vivo. We could find
only one study (3) to examine the effects of exercise. After a
swim bout, EDL muscles were excised from AMPK mutant-
overexpression Tg-Prkag3***? (dominant-positive mutation)
mice, AMPK +ys-knockout mice, and WT mice and incubated
for 20 min to determine the rate of glucose uptake after
exercise (3). Swimming increased glucose uptake to an equal
extent in all genotypes. These findings strongly suggest that
additional pathways mediate contraction (or exercise)-induced
glucose uptake.

Conflicting results have been reported regarding exercise-
induced fatty acid oxidation. The role of AMPK in contraction-
induced fatty acid oxidation has been estimated with the use of
an activator of AMPK, 3-aminoimidazole-4-carboxamide-1-8-
p-ribofuranoside (AICAR). Like exercise, AICAR leads to
phosphorylation of acetyl-CoA carboxylase 2 (ACC2), a major
isoform of ACC in skeletal muscle, which decreases malonyl-
CoA levels, releasing the inhibition of uptake of fatty acids into
mitochondria via CPT1 and thereby stimulating fatty acid
oxidation (26). In cardiac myocytes, AICAR induced translo-
cation of fatty acid translocase (FAT)/CD36 to the sarco-
lemma, leading to enhanced rates of long-chain fatty acid
uptake (23). However, it is not clear whether the effects of
AICAR-induced increase in fatty acid oxidation are mediated
solely by AMPK activation. EDL muscles were excised from
AMPK mutant-overexpression Tg-Prkag3?33Q mice, AMPK v
knockout mice, and WT mice after a swim bout and incubated
for 2 h to determine the rate of oleate oxidation after exercise
(3). Under these ex vivo conditions, similar rates of oleate
oxidation were observed among genotypes.

In this study, we sought to examine the role of AMPK
activation on fatty acid oxidation during exercise by generating
transgenic mice overexpressing a DN form of the o;-AMPK
subunit in skeletal mascle. We hypothesized that the exercise-
induced increase in fatty acid oxidation would be somewhat
dependent on activation of AMPK.

METHODS

Transgenic mice. The human w-skeletal actin promoter was used to
drive skeletal muscle-specific expression of a DN mutant (DI57A) rat
o-AMPK subunit transgene (6, 27). A complete rat o;-AMPK
{GenBank Accession No. NM019142) cDNA was obtained by PCR of
first-strand cDNA from rat skeletal muscle total RNA and subcloned
into pCR2.1-TOPO (Invitrogen, Carlsbad, CA). Forward and reverse
primer  sequences were  5-CGGAATTCATGGCCGAGAAGCA-
GAAGCACGAC-3 and 5'-ATAAGAATGCGGCCGCTTACTGTG-
CAAGAATTTT-3", respectively. In vitro mutagenesis (Quick
Change site-directed mutagenesis Kit: Stratagene, La Jolla, CA) was
used to change residue Asp 157 to Ala. Asp 1537 lies in the conserved
DFG motif (subdomain VI in the protein kinase catalytic subunit),
which is essential for Mg?* ATP binding in all protein kinases (18,
35). It is reported that coexpression of this mutant with ¢ and vy in
CCL13 cells yields a catalytically inactive complex (35) and that an
@ -AMPIK-DN mutant inhibits «»-catalytic activity in COS7 cells
(11). rat hepatocytes (d4), and mouse skeletal muscles (13). The
oligonucleotides used were 5-GAATGCAAAGATAGCCGCCT-
TCGGTCTTTCAAAC-3" and 5'-GTTTGAAAGACCGAAGGCG-
GCTATCTTTGCATTC-3". The o;-AMPK (D157A) cDNA released
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from pCR2.1-TOPO by EcoRI and Notl digestion was subcloned into
human «-skeletal actin promoter plasmids. The nucleotide sequence
of the o;-AMPK (D157A) cDNA was confirmed by sequencing. The
transgene construct contains nucleotides (nt) —2,000 to +200 of the
human «-skeletal actin promoter, the 1,647-bp complete ral o~
AMPK (D157A) cDNA, and a polyadenylation signal that is encoded
by the bovine growth hormone gene. The purified transgene fragment
digested with SnaB1 and Sphl was microinjected into BDFI mouse
eggs at Japan SLC (Hamamatsu, Japan). Two integration-positive
mouse lines, C and E, were studied. Male chimeras harboring the
a;-AMPK (D157A) transgene were mated with C57BL/6J females to
obtain Fi offspring. The heterozygous F1 male offspring from this
breeding were then crossed with purebred C57BL/6) females to obtain
heterozygous F2 offspring, and this process was continued until the
heterozygous F3 generation of mice was obtained. Heterozygous
a;-AMPK-DN mice and their WT littermates were compared.

Mice were exposed 1o a cycle of 12-h light (0700-1900) and 12-h
darkness (1900-0700) and maintained at a constant temperature of
22°C. The mice were fed a normal chow diet (CE2; CLEA Japan.
Tokyo, Japan) ad libitum. All animal procedures were reviewed and
approved by the National Institute of Health and Nutrition Ethics
Committee on Animal Research.

Western blot. The AMPK protein level in gastrocnemius was
measured by Western blotting with anti-ay, -az (cat. no. 07-350 and
07-363, respectively; Upstate Biotechnology, Lake Placid, NY), -B.
(cat. no. 4182; Cell Signaling Technology, Beverly, MA), -3 (cat. no.
sc-20164; Santa Cruz Biotechnology, Santa Cruz, CA), -y, (cat. no.
4187; Cell Signaling Technology), -y2 (cat. no. 2536; Cell Signaling
Technology), and ~ys (cat. no. sc-19145; Santa Cruz Biotechnology)-
AMPK antibodies. Phosphorylated and total acetyl-CoA carboxylase
(ACC) protein was measured by Western blotting with anti-phospho
ACC (879) antibody (cat. no. 07-303; Upstate Biotechnology) and
anti-ACC antibody (cat. no. 3662; Cell Signaling Technology), re-
spectively.

Measurement of AMPK activity. Isoform-specific AMPK («; and
) activity was measured as described previously (5) with antibodies
against the «- or wa-catalytic subunits of AMPK (cat. no, (7-350 and
07-363, respectively; Upstate Biotechnology) and Dynabeads Protein
G (Dynal Biotech ASA, Oslo, Norway).

Measurement of oxygen conswmplion and carbon dioxide produc-
tion. Open-circuit indirect calorimetry was performed with an O»/CO.
metabolism measuring system for small animals (MK-5000RQ; Mu-
romachi Kikai, Tokyo, Japan). The system monitored Vo, and Vco:
at 3-min intervals and calculated the respiratory quotient (RQ) ratio
(Vcoa/Vo,). To measure energy expenditure and spontaneous motor
activity when sedentary. mice were individually placed in the chamber
equipped with Supermex (Muromachi Kikai) at 1630 with an ade-
quate amount of normal chow diet. The measurements of energy
expenditure under ad libitum conditions were performed from 1900 to
0700 for the dark period and from 0700 to 1630 for the light period,

During fusting experiments, the remaining food was removed at
1700 and the measurements were performed while the animals were
fasting from 1900 to 0700 (dark conditions) and from 0700 to 1630
(light conditions).

For the exercise experiments. mice were allowed to acclimatize to
the air-tight treadmill chamber (Muromachi Kikai) for 30 min, at
which point Vo, and Vco: were stable, and measurements were
continued for another 30 min while mice were in a sedentary state.
Mice were then exercised for 30 min at a speed of 10 m/min
(low-intensity exercise).

The substrate utilization rate and energy production rate wcre
calculated using the formula used by Ferrannini (12) where the rate of
glucose oxidation (g/min) = 4.55 Vco: (Vmin) — 3.21 Vo, (min) —
2.87 N {mg/min), the rate of lipid oxidation (g/min) = 1.67 (Vo, -
Vcoz) — 1.92 N, and the rate of energy production (kcal/min) = 3.91
Vo, + 1.10 Vco, — 3.34 N, where N is the rate of urinary nitrogen
excretion used to estimate protein oxidation. However, considering
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that only a small portion of resting and exercise energy expenditure
arises from protein oxidation (40), the contributions of protein oxida-
tion were neglected.

Palmitate oxidation in isolated muscle. To examine palmitate
oxidation in muscles, soleus and EDL muscles were dissected tendon
to tendon and placed in a 20-ml glass reaction vial containing 2 mi of
warmed (30°C), pregassed (95% 0:-5% CO,, pH 7.4), modified
Krebs-Henseleit buffer containing 4% FA-free BSA (Sigma Chemi-
cal, St. Louis, MO), 5 mM glucose, and 0.5 mM palmitate, giving a
palmitate-to-BSA molar ratio of [:1. After a 30-min preincubation
period, muscle strips were transferred to vials containing 0.5 p.Ci/ml
[1-"“C]palmitate (GE Healthcare Life Sciences, Buckinghamshire,
UK for 60 min. During this phase, exogenous palmitate oxidation
was monitored by the production of #COz (7).

Glycogen measurement. Muscle glycogen content was measured as
glycosyl units after acid hydrolysis (22).

AICAR, glucose, and insulin 1olerance tests. For the AICAR
tolerance test, AICAR (Toronto Research Chemicals, Toronto, Can-
ada) was injected intraperitoneally (230 ug/g body wt) into fed mice.
Blood glucose levels were measured at 0, 15, 30, 60, and 90 min after
AICAR injection. For the oral glucose tolerance test. p-glucose [1
mg/g body wi, 10% (wi/vol) glucose solution] was administered via a
stomach tube after an overnight tast. For the insulin tolerance test,
human insulin (Humulin R; Eli Lilly Japan K.K., Kobe, Japan) was
injected intraperitoneally (0.75 mU/g body wt) into fed animals.
Blood samples were obtained by cutting the tail tip. Blood glucose
concentration was measured with a glucose analyzer (Glucometer
DEx; Bayer Medical, Tokyo, Japan).

Statistical analysis. Data were analyzed by one-way or two-way
ANOVA. Where differences were significant, each group was com-
pared with the other by Student’s rtest (StatView 5.0. Abacus
Concepts, Berkeley, CA). AICAR tolerance is plotted with respect to
time and compared by two-way repeated measures ANOVA (Stat-
View 5.0). In the exercise tolerance test, a Kaplan-Meier survival
curve was obtained, and the comparison of groups was performed
using the log-rank test. Statistical significance was defined as P <
0.05. Values are shown as means * SE.

RESULTS

Production of o-AMPK-DN mice. o,-AMPK-DN mice
were made with a DNA construct containing the 5'-flanking
skeletal muscle-specific regulatory region and promoter of the
human o-skeletal actin gene and a ¢DNA encoding a DN
mutant of «;-AMPK (Fig. 14). To examine whether overex-
pression of a;-AMPK-DN impairs AMPK activity in skeletal
muscle. isoform-specific AMPK (o, and ) activity in skeletal
muscle was measured (Fig. 1B). a,-AMPK activities were 58
and 36% lower in lines C and E, respectively, than in WT

Fig. 1. Geueration of transgenic mice with skeletal muscle-specific overex-
pression of a dominant-negative (DN) form of «1-AMP-activated protein
kinase (AMPK) (D137A). A: map of the DN o;-AMPK (D157A) transgene
construct used for microinjection of fertilized eggs. B: activities of the o~ and
@:-AMPK subunits in skeletal muscle (gastrocnemius) from lines C and E
transgenic mice and wild-type (WTj littermates, AMPK activity was measured
in immunoprecipitates. Values, expressed as a percentage of values in WT
tittermates. are means * SE of 4 mice from the C line (12 wk old) and 3 mice
from the E line (15 wk old). *P < 0.05: << (.001 vs. WT littermates.
C: typical data of Western blot analyses of AMPK isoforms, acetyl-CoA carbox-
ylase (ACC), and phospharylated ACC in skeletal muscle (gastrocnemius) from
a-AMPK-DN (lines C and E) mice and WT littermates. D: 5-aminoimidazole-
4-carboxamide- | -B-p-ribofuranoside (AICAR) tolerance tests. £: oral glucose
tolerance tests. F: insulin tolerance tests, *P < 0.05; #%P < 001 ¥¥5p <
0.001 vs. WT mice. Data are means = SE of 3-4 mice. Male mice were used
at § and 14 wk of age for line C and line E, respectively. For some data points,
ervor bars are smaller than symbols.
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littermates, and oy activities were reduced by 98 and 99%,
respectively. Inhibition of oy activity in o;-AMPK-DN mice
corresponded with that previously reported (13). Liver AMPK
activity was not altered in o;-AMPK-DN mice (data not
shown). Immunoblot analysis with an isoform-specific anti-ai-
AMPK antibody showed that endogenous o;-AMPK protein in
gastrocnemius was very low in WT littermates, whereas the
level of the same size «;~AMPK protein was markedly in-
creased in o;-AMPK-DN mice (Fig. 1C). Althongh this anti-
body did not distinguish between the endogenous and mutated
a;-AMPK protein, these data suggested that almost all endog-
enous «,-protein was replaced by mutant o-AMPK in o)~
AMPK-DN mice. The amount of the 63-kDa «,-AMPK pro-
tein was decreased by 50—-60% in o-AMPK-DN mice, which
is in agreement with the results of previous studies (13, 44).
The «2-AMPK protein might be degraded, possibly due to the
lack of association with 8- and y-isoforms. The levels of other
isoforms of AMPK, B;, B2 v1, and 3, were not altered in
0t1~AMPK-DN mice. The v, isoform was undetectable (data
not shown). Phosphorylated ACC protein levels in a)-
AMPK-DN mice were over 60% lower than those in WT
littermates (Fig. 1C), suggesting that overexpression of «-
AMPK-DN impairs AMPK activity and subsequent phosphor-
ylation of ACC in skeletal muscle. However, ACC protein in
& -AMPK-DN mice (both lines of mice) was ~ [.5-fold larger
than that in WT littermates (P < 0.05: n = 4 in each line of
mice). The mechanism behind this is not clear. Injection of
AICAR, an activator of AMPK, reduces blood glucose levels
(15). In previous studies, ao-AMPK-DN mice (13, 28) and
ar-AMPK-knockout mice (20) were resistant to the effects of
AICAR. As expected, «;-AMPK-DN mice were resistant to
AICAR stimulation (Fig. D), indicating that AICAR-medi-
ated activation of AMPK in skeletal muscle was severely
impaired in «;-AMPK-DN mice. However, abnormalitics were
not scen in the glucose and insulin tolerance curve of o-
AMPK-DN mice (Figs. 1, E and F).

Indirect calorimerry under ad libitum feeding. To examine
whether substrate utilization was altered in o;-AMPK-DN
mice, o;-AMPK-DN (line C) mice and WT littermates were
subjected to measurements of oxygen consumption and RQ
ratio in sedentary mice fed ad libitum (Fig. 2). The oxygen
consumption (Fig. 24, leff) and RQ ratio (Fig. 2B, left) were
not different between «-AMPK-DN mice and WT littermates
during the dark cycle (feeding period) and the light cycle
(sleeping period). Spontaneous motor activity was reduced
during the steeping period in both groups of mice, but it was
not altered between «;-AMPK-DN and WT littermates (Fig.
2C, lefh.

Indirect calorimerry under fasting condition. Fasting re-
duces glucose oxidation in skeletal muscles and predominates
fat oxidation (8). Fasting might uncover a possible abnormality

in the fatty acid oxidation by o;-AMPK-DN mice. Mice were -

fasted. and their oxygen consumption and RQ ratio were
measured during the dark cycle and the light cycle (Fig. 2, A,
B. and C. right). Oxygen consumption and RQ ratio during
fasting were reduced in both groups of mice, compared with ad
libitum feeding., but there was no discernable difference be-
tween both groups of mice. Body weights were reduced sim-
ilarly between the two groups after 24-h fasting. These data
suggested that a>-AMPK also did not affect the fatty acid
oxidation during fasting.
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Fig. 2. Oxygen consumption, respiratory quotient (RQ) ratio, and spontaneous
motor activity while sedentary and body weight change after 24-h fasting.
Oxygen consumption (4), RQ ratio (B). and spontancous motor activity (C)
were measured by open-circuit indirect calorimetry using O/COz metabolism
measuring system for small animals equipped with an infrared sensor. D: body
weights were measured before and after fasting. Data are means *+ SE of 10
male mice from a;-AMPK-DN (C line) and 8 male mice from WT (20 wk old).
No significant difference is observed between ci-AMPK-DN vs. WT litter-
mates.

Exercise tolerance of o;-AMPK-DN mice and WT litter-
mates. First, the ability of a;-AMPK-DN mice to tolerate an
exercise bout was examined. o;-AMPK-DN (line C) and WT
littermates were subjected to two different running intensities
on a treadmill. Mice were exercised at a speed of 1) m/min
(low intensity) for 30 min and then a speed of 30 m/min (high
intensity). Both groups of mice performed well at 10 m/min.
However, at a speed of 30 m/min, some «;-AMPK-DN mice
could not continue running for 5 min and most of them dropped
out before 30 min (Fig. 3A). At a speed of 10 m/min, o-
AMPK-DN mice and WT mice were able to run forup to 6 h
with seven periods of 10 min spent at rest,

To elucidate the mechanism that underlies the intolerance in
a high-intensity exercise, muscle glycogen was measured (Fig.
3B). The glycogen content in o,-AMPK-DN mice before
exercise was 37% lower than that in WT littermates. Although
only mice that were able to tolerate exercise were examined, at
10 min after the high-intensity exercise plus 30 min of low-
intensity exercise, glycogen content was reduced by 1.12 and
1.54 wmol/g wet tissue in WT littermates and a;-AMPK-DN
mice, respectively, suggesting that both groups of mice had
performed a substantial amount of running.

After the 6-h low-intensity exercise, we measured skeletal
muscle AMPK activity in «;-AMPK-DN (line C) mice and
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