Diabetologia (2002) 45: 56-65

Diabetologia

© Springer-Verlag 2002

5-Aminoimidazole-4-carboxamide ribonucleoside treatment
improves glucose homeostasis in insulin-resistant diabetic

{ob/ob) mice

X. M. Song!, M. Fiedler?, D. Galuska', J. W. Ryder', M. Fernstrom?>, A. V. Chibalin’, H. Wallberg-Henriksson',

J.R.Zierath'

! Department of Physiology and Pharmacology, Karolinska Institutet, Stockholm, Sweden

2 Biovitrum, Department of Pharmacology, Uppsala, Sweden

3 Department of Clinical Physiology, Karolinska Hospital, Stockholm, Sweden

Abstract

Aims/hypothesis. The 5’AMP-activated protein ki-
nase is an important mediator of muscle contraction-
induced glucose transport and a target for pharmaco-
logical treatment of Type II (non-insulin-dependent)
diabetes mellitus. The 5’AMP-activated protein ki-
nase can be activated by 5-aminoimidazole-4-carbox-
amide ribonucleoside. We hypothesised that 5-amino-
imidazole-4-carboxamide ribonucleoside treatment
could restore glucose homeostasis in ob/ob mice.
Methods. Lean and ob/0b mice were given S-aminoim-
idazole-4-carboxamide ribonucleoside (1 mg - g body
wt™ - day™''s.c) or 0.9 % NaCl (vehicle) for 1-7 days.
Results.  Short-term  5-aminoimidazole-4-carboxa-
mide ribonucleoside treatment normalised glucose
concentrations in ob/ob mice within 1 h, with effects
persisting over 4 h. After 1 week of daily injections,
5-aminoimidazole-4-carboxamide ribonucleoside
treatment corrected hyperglycaemia, improved glu-
cose tolerance, and increased GLUT4 and hexoki-
nase Il protein expression in skeletal muscle, but
had deleterious effects on plasma non-esterified fatty
acids and triglycerides. Treatment with 5-aminoimi-
dazole-4-carboxamide ribonucleoside increased liver

glycogen in fasted and fed ob/ob mice and muscle gly-
cogen in fasted, but not fed ob/ob and lean mice. De-
fects in insulin-stimulated phosphatidylinositol 3-ki-
nase and glucose transport in skeletal muscle from
ob/ob mice were not corrected by 5-aminoimidazole-
4-carboxamide ribonucleoside treatment. While ex
vivo insulin-stimulated glucose transport was reduced
in isolated muscle from ob/ob mice, the 5-aminoimi-
dazole-4-carboxamide ribonucleoside stimulated re-
sponse was normal.

Conclusion/interpretation. The 5-aminoimidazole-4-
carboxamide ribonucleoside mediated improvements
in glucose homeostasis in ob/ob mice can be ex-
plained by effects in skeletal muscle and liver. Due
to the apparently deleterious effects of 5-aminoimi-
dazole-4-carboxamide ribonucleoside on the blood
lipid profile, strategies to develop tissue-specific and
pathway-specific activators of 5’ AMP-activated pro-
tein kinase should be considered in order to improve
glucose homeostasis. [Diabetologia (2002) 45: 56-65]
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Type II (non-insulin-dependent) diabetes mellitus is
one of the major causes of disability and death, these
being due to the complications accompanying the dis-
ease, [1]. Today, the therapeutic tools commonly uti-
lised to treat Type Il diabetes mellitus include diet,
exercise, anti-diabetic drugs and insulin treatment.
These therapies have been successful in keeping met-
abolic control within an acceptable range. However,
the management of Type II diabetes mellitus has
failed with respect to the prevention of the disease
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[2, 3]. Furthermore, multiple therapeutic strategies
are needed to fully normalise metabolic control and
prevent the development of severe complications in
the cardiovascular system, nervous system and the re-
nal system [4]. Therefore, effective intervention strat-
egies need to be developed to reduce the incidence of
Type 1I diabetes mellitus and the resulting complica-
tions.

Physical activity and exercise training improve
substrate utilisation and insulin sensitivity, which in
turn can lower blood glucose and lipid concentrations
in the diabetic patient [5, 6]. The benefits of regular
exercise on glucose homeostasis are indisputable and
one of the major challenges of health care profession-
als is to improve patient compliance with exercise
prescriptions. Many Type I diabetic patients are sed-
entary and might be unable to increase their physical
activity due to chronic complications of the disease
or other associated medical conditions [7, 8]. Thus,
pharmacological intervention with compounds de-
signed to mimic the exercise-response on glucose up-
take or fatty acid oxidation could help in the manage-
ment of metabolic abnormalities associated with
Type 1I diabetes mellitus.

5-aminoimidazole-4-carboxamide ribonucleoside
(AICAR) is an adenosine analogue that can be ab-
sorbed into intact hepatocytes, adipocytes and skele-
tal muscle and is phosphorylated to form 5-aminoim-
idazole-4-carboxamide ribonucleotide (ZMP), the
monophosphorylated derivative that mimics the ef-
fects of AMP on 5’AMP-activated protein kinase
(AMPK) without affecting ATP or ADP content
[9-12]. AMPK is considered a master switch, regulat-
ing key proteins in metabolic pathways known to con-
trol hepatic fatty acid oxidation and ketogenesis, lipo-
genesis and triglyceride synthesis, adipocyte lipolysis,
modulation of insulin secretion from the pancreatic
beta cells and skeletal muscle fatty acid oxidation
[13]. AMPK is also thought to be an important medi-
ator of the contraction-induced (insulin-indepen-
dent) GLUT4 translocation and glucose transport in
skeletal muscle [9, 14-16]. Numerous studies have
now shown that AICAR exposure increases AMPK
activity in skeletal muscle [9, 14-19]. The administra-
tion of AICAR increases GLUT4 protein expression,
hexokinase activity, glucose transport and glycogen
content in muscle [9, 14-19], presumably by activat-
ing AMPK. Furthermore, AICAR inhibits gluconeo-
genesis in liver, probably by inhibiting fructose-1,6-
bisphosphatase [20].

We measured the short-term and long-term effects
of in vivo AICAR-treatment on glucose homeostasis
in diabetic ob/ob mice. Furthermore, isolated skeletal
muscle from ob/ob mice was exposed to AICAR and
in vitro glucose uptake was measured.
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Materials and methods

Animals. Lean (C57BL) and ob/ob mice (8-10 weeks old)
were obtained from B&K Universal (Sollentuna, Sweden).
All mice were maintained under a 12-h light/12-h dark cycle
and had free access to water and standard rodent chow. The
mice were given a subcutaneous injection with AICAR
(1 mg - g body wt! - day™!; as a 10% solution in 0.9% NaCl)
or 0.9% NaCl (vehicle), administered at 0900 h for 1-7 days.
For the short-term and long-term (7-day) dosing studies, four
groups of mice were studied: vehicle (0.9% NacCl)-treated
lean mice (n =20); AICAR-treated lean mice (n = 19); vehi-
cle-treated ob/ob mice (n =19); AICAR-treated ob/ob mice
(n=20). A physiological test of mice assigned to the long-
term dosing study was done 24 h after the last treatment. An
additional group of untreated lean (n = 8) and ob/ob (n =38)
mice were used for a short-term in vitro study to measure the
direct effect of AICAR on glucose transport in isolated skele-
tal muscle. All protocols were approved by the Animal Ethical
Committee.

Glucose tolerance test. Glucose (3 g - kg body wt.™!) was admin-
istered orally by gavage to conscious vehicle (0.9% NaCl) or
AICAR-treated mice. Blood was sampled through the tail
vein before and 0.5, 1, 2, and 3 h after a glucose administration.
Blood glucose was analysed using a One-Touch glucose moni-
tor (Lifescan, Milpitas, Calif., USA).

Blood chemistry analysis. Twenty-four hours after the last Al-
CAR treatment, blood was sampled from the retro-orbis of
the eye from fed mice. Plasma insulin concentrations were de-
termined using a commercially available ELISA kit (Rat Insu-
lin ELISA, Mercodia, Uppsala, Sweden) using rat insulin stan-
dards. Plasma non-esterified fatty acid (NEFA) was measured
by an enzymatic fluorometric method (NEFA C; Wako, Neuss,
Germany). Plasma triglyceride levels were determined fluoro-
metrically using a commercially available kit (Triglycerides/
GB; Boehringer Mannheim, Indianapolis, Ind., USA). Plasma
alanine aminotransferase (ALAT) was determined spectro-
photometrically (Cobas Mira, Roche, Montclair, N.J., USA)
using a commercially available ALT Unimate 3 kit (Roche,
Basel, Switzerland).

Muscle incubations. Mice were anaesthetised by an injection
(0.2 ml of 2.5% solution - g body wt.”! i.p.) of Avertin (tribro-
moethanol, tertamyl alcohol, Aldrich, Milwaukee, Wis.,
USA), and isolated soleus and extensor digitorum longus
(EDL) muscles were excised and utilised for in vitro incuba-
tions. Allincubation media were prepared from a stock solution
of Krebs-Henseleit buffer (KHB) which contained hydroxyeth-
ylpiperazine-ethanesulphonic acid (HEPES; 5 mmol/l; pH 7.2,
30°C) and 0.1% BSA (RIA Grade, Sigma, St. Louis, Mo.,
USA). The gas phase throughout all incubations was main-
tained at 95 % O,/5 % CO,. Soleus and EDL muscles were incu-
bated for 30 min at 30 °C in KHB supplemented with 20 mmol/l
mannitol (pre-incubation media). Muscles were incubated in
the absence or presence of 120 nmol/l insulin (Actrapid, Novo
Nordisk, Bagsvaerd, Denmark), 2 mmol/l AICAR, or a combi-
nation of insulin (120 nmol/l) and AICAR (2 mmol/l).

Assessment of glucose transport activity. Following pre-incuba-
tion, muscles were incubated for 10 min at 30°C, in KHB con-
taining 20 mmol/l mannitol and the specific additions as de-
scribed for each experiment. This incubation step was included
to rinse glucose from the extracellular space of the muscle.
Glucose transport was assessed at 30 °C, using 2-deoxyglucose



58

[21]. Muscles were incubated for 20 min in KHB containing
1mmol/l 2-deoxy-[1,2°H] glucose (2.5 uCi/mmol), and
19 mmol/l mannitol (26.3 uCi/mmol). 2-deoxyglucose uptake
reflects glucose transport and not metabolism in mouse skele-
tal muscle when used under the present condition [21]. Mus-
cles were processed as previously described [22]. Glucose
transport activity is expressed as micromoles of glucose ana-
logue accumulated per ml of intracellular water per hour.

Phosphotyrosine-associated phosphatidylinositol (PI) 3-kinase
activity. Soleus or EDL muscles were incubated for 30 min
in basal KHB media (no insulin or AICAR present), as de-
scribed above under Muscle Incubations. Thereafter, muscles
were incubated for 6 min in the absence or presence of insu-
lin (120 nmol/l). Muscles were homogenised in 500 ul lysis
buffer as described [23] and solubilised by continuous stirring
for 1h at 4°C. Following centrifugation (12000 g for 10 min
at 4°C). Protein was determined in the supernatant using a
commercial kit (Bio-Rad, Richmond, Calif., USA). The su-
pernatant (500 ug) was immunoprecipitated overnight (4°C)
with an anti-phosphotyrosine antibody (Transduction Labo-
ratories, Lexington, Ky., USA) coupled to protein A-sepha-
rose (Pharmacia, Uppsala, Sweden). We assessed PI 3-kinase
activity directly on the protein A-sepharose beads as de-
scribed [24]. The bands corresponding to PI 3-phosphate
were quantified using a Phospholmager (Bio-Rad, Rich-
mond, Calif., USA).

Glycogen and triglyceride analysis. Gastrocnemius muscle and
liver were removed from anaesthetised mice and immediately
frozen in liquid nitrogen. Glycogen content was measured flu-
orometrically on extracts of muscle or liver as described [22].
Results are expressed as umol glucose - g wet weight™!. Muscle
and liver triglycerides were extracted using chloroform-metha-
nol. Free glycerol was measured using Sigma triglyceride re-
agent (Sigma, St Louis, Mo., USA) and the reaction was read
using a spectrophotometer (540 nm). Results are expressed as
wmol - g wet weight™.

Protein expression studies. Portions of the gastrocnemius mus-
cle were polytron homogenised in 1.5 ml ice-cold HES buffer
(10 mmol/l HEPES, 1 mmol/l EDTA, sucrose 250 mmol/l, pH
7.4). The muscle homogenates were subjected to centrifuga-
tion for 10 min at 12000 - g (4°C) and the supernatant was
used to assess GLUT4, Hexokinase II or glycogen synthase
protein content. Aliquots of muscle homogenates containing
20 ug of protein were suspended in Laemmli buffer. Proteins
were separated by SDS-PAGE (10% resolving gel), trans-
ferred to polyvinylidenedifluoride membranes (Millipore,
Bedford, Mass., USA), and blocked with 5% non-fat milk.
Membranes were incubated in primary antibody overnight at
4°C. The polyclonal antibodies used for the detection of hex-
okinase II and glycogen synthase were generous gifts from Dr.
O. Pedersen (Steno Memorial Hospital, Gentofte, Denmark).
Each polyclonal antibody was generated by immunising rab-
bits with a synthetic peptide homologous to the last nine amino
acids in the COOH-terminus of the respective protein. [25, 26].
GLUTH4 protein expression was assessed using a polyclonal an-
tibody raised against the COOH-terminal peptide of GLUT4
(Biogenesis, Poole, UK), diluted in a ratio of 1:1000 in phos-
phate-buffered saline (pH 7.4) containing 1% milk. Mem-
branes were washed in TBST (10 mmol/l TRIS, 140 mmol/l
NaCl, 0.02% Tween 20, pH 7.6), incubated with appropriate
secondary antibody and washed in TBST. Proteins were made
visible by enhanced chemiluminescence and quantified by
densitometry.
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Preparation of nuclear extracts. Nuclear extracts from gastroc-
nemius skeletal muscle were prepared as previously described
[27] with minor modifications. Tissues were pulverised in lig-
uid nitrogen and homogenised in 10 volumes (wt/v) of buffer
A (250 mmol/l sucrose, 10 mmol/l HEPES, pH 7.6, 25 mmol/l
KCl, 1 mmol/l EDTA, 10% glycerol, 0.15 mmol/l spermine,
0.1 mmol/l PMSF, 2 ug/ml each aprotinin, leupeptin, and pep-
statin A, and 6 ug/ml each L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone and 1-chloro-3-tosylamido-7-amino-2-hepta-
none) with 20 strokes of Pellet Pestle (Kebo Lab, Sweden) in
the Eppendorf tubes and filtered through the gauze. The ho-
mogenate was centrifuged 10 min at 3900 - g at 4 °C. The pellet
was resuspended in 1 ml of buffer A and homogenised 10s by a
Pellet Pestle with motor. The homogenate was layered over
one-half volume of buffer B (1 mol/l sucrose, 10 mmol/l HE-
PES, pH 7.6, 25 mmol/l KCI, 1 mmol/l EDTA, 10% glycerol,
0.15 mmol/l spermine, 0.1 mmol/l PMSF, 2 ug/ml each aproti-
nin, leupeptin, and pepstatin A, and 6 ug/ml each L-1-tosylam-
ido-2-phenylethyl chloromethyl ketone and 1-chloro-3-tosyl-
amido-7-amino-2-heptanone) and centrifuged at 3900 - g for
10 min at 4 °C. The pellet was resuspended in buffer A/glycerol
(9:1, w/w) and layered over one-third volume of buffer B/glyc-
erol (9:1, w/w). The gradient was centrifuged at 48000 - g for
30 min at 4 °C. The semi-purified nuclear pellet was resus-
pended in 100 ul of nuclear extraction buffer (10 mmol/l HE-
PES, pH 7.6, 400 mmol/l KCl, 3 mmol/l MgCl,, 0.1 mmol/l
EDTA, 10% glycerol, 1 mmol/l DTT, 0.1 mmol/l PMSF). Nu-
clear proteins were extracted on ice for 30 min and the samples
were centrifuge at 13000 - g for 10 min at 4 °C. The superna-
tant was diluted four times in nuclear extraction buffer omit-
ting KCl, assayed for total protein using a Bradford assay kit
(Bio-Rad) and stored at —70 °C.

Electrophoretic Mobility Shift Assay. The myocyte enhancer
factor 2 (MEF2) DNA-binding site oligonucleotide was com-
mercially prepared (Santa Cruz Biotechnology, Santa Cruz,
Calif., USA). The oligonucleotide was end-labelled with T4
polynucleotide kinase. The probes (0.5 ng) were incubated
with 2 ug of nuclear extracts in a 20-ul reaction containing
1 ug poly(dI-dC), 40 mmol/l KCIl, 5 mmol/l MgCl,, 15 mmol/l
HEPES, pH 7.9, 1 mmol/l EDTA, 0.5 mmol/l DTT, and 5%
glycerol for 20 min at room temperature. For competition
studies, the extract was pre-incubated with a 10-fold molar ex-
cess of unlabeled oligonucleotide for 5 min before addition of
radiolabelled probe. The samples were processed (200 V for
2 h 4°C) on a non-denaturing 6 % polyacrylamide (38:1 acryla-
mide/bisacrylamide) gel buffered with TRIS borate/EDTA
(TBE, 22 mmol/l TRIS, 22 mmol/l boric acid, and 0.5 mmol/l
EDTA). The dried gels were exposed to PhosphoImager.

Statistics. Data are presented as means + SEM. Statistical dif-
ferences were determined by a two-way analysis of variance
(ANOVA) for treatment-effect on blood glucose and glucose
tolerance, and by a one-way ANOVA for glucose transport,
biochemical analysis and protein expression studies. When
the ANOVA resulted in a significant F-ratio (p < 0.05), the lo-
cation of the significance was determined with the Fisher-
LSD test. A p value of less than 0.05 was considered to be sta-
tistically significant.

Results
Short-term effect of AICAR on blood glucose. One

hour after the AICAR injection (Fig.1A), blood glu-
cose concentrations in ob/ob mice were normalised
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Fig.1. Antidiabetic efficacy of subcutaneous injection of Al-
CAR in 8-10 weeks ob/ob or lean mice. A Acute glucose low-
ering effect by AICAR. AICAR (H, @) (1 mg - g body wt™)
or vehicle ([J, Q) was given to lean (@, O) or ob/ob (H, (1)
mice by a subcutaneous injection. B Long-term glucose lower-
ing effect by AICAR. AICAR (1 mg- g body wt) or vehicle
was given by a subcutaneous injection for 7 days. C Effect of
long-term AICAR-treatment on glucose tolerance. Mice were
treated with AICAR or vehicle for 7 days. Glucose tolerance
was measured 24 h after the last day of treatment. Results are
Means + SEM for n = 4-10 mice

(8.4 1.5 vs 9.4 + 0.3 mmol/l for AICAR-treated ob/
ob vs control mice, N.S.). The effect of AICAR in
lowering glucose in ob/ob mice was maintained for
at least 4 h. In lean mice, blood glucose concentra-
tions were decreased within 1 h after AICAR injec-
tion (7.7 +£0.4 vs 2.8 + 0.4 mmol/l for untreated vs
treated lean mice; p < 0.01), and were normalised by
2h (7.5 + 1.4 mmol/l).

Antidiabetic efficacy of 7-day AICAR-treatment.
Long-term AICAR treatment corrected hypergly-
caemia in ob/ob mice, with a partial normalisation af-
ter 5 days (18.7 = 1.8 vs 13.3 + 1.0 mmol/l for before
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vs 5days of daily treatment in ob/ob p <0.001)
(Fig.1B). Complete normalisation of blood glucose
concentrations was achieved between 5 and 7 days of
the treatment regime. Treatment with AICAR
(7 days) had no effect on fed glucose concentrations
in lean mice.

Effect of 7-day AICAR treatment on glucose toler-
ance. Twenty-four hours after the last injection, an
OGTT was done (Fig.1C). Treatment with AICAR
did not alter glucose tolerance in lean mice. However,
in ob/ob mice, AICAR-treatment improved glucose
tolerance (area under the curve [AUC], 2463 + 192
vs 4,374 + 248 mmol/l - min~! for treated vs untreated
ob/ob mice, p < 0.001).

Animal characteristics and blood chemistry in Al-
CAR-treated and vehicle-treated (7-day) mice. Long-
term (7 day) AICAR treatment did not alter body
weight or fat mass in either lean or ob/ob mice (Ta-
ble 1). Furthermore plasma concentrations of
ALAT, a clinical marker of liver damage, were not al-
tered by AICAR treatment in either lean or ob/ob
mice. Ob/ob mice are characterised by advanced
hyperinsulinaemia. Despite the mild suppression
(25%) of plasma insulin concentrations after long-
term AICAR treatment (p = 0.15 vs vehicle-treated
ob/ob mice), the ob/ob mice showed profound hyper-
insulinaemia. Higher amounts of NEFA and triglyc-
eride concentrations, also characteristic of the ob/ob
phenotype, were not improved by AICAR treatment.
Rather, AICAR treatment increased plasma NEFA
concentrations 1.6-fold in lean (p =0.09) and 1.7-
fold in ob/ob (p = 0.03) mice and triglyceride concen-
trations 1.7-fold in ob/ob mice (p = 0.01).

Glycogen content in liver and gastrocnemius muscle
after 7-day AICAR-treatment. Liver glycogen content
was similar vehicle and AICAR-treated fasted and
fed lean mice (Fig.2A). In ob/ob mice, AICAR-treat-
ment increased liver glycogen content 50 % under fed
(p <0.001) and 70% (p = 0.01) under fasted condi-
tions. Glycogen content in gastrocnemius muscle
was similar in fed vehicle-treated lean and ob/ob
mice (Fig.2B). Treatment with AICAR had no effect
on fed muscle glycogen in either genotype. In vehicle-
treated mice, fasting reduced muscle glycogen con-
tent 17% (p =0.06) and 34% (p = 0.04) in lean and
ob/ob mice, respectively compared with correspond-
ing fed mice. Interestingly, AICAR treatment pre-
vented the fasting-induced decrease in muscle glyco-
gen content in both lean and ob/ob mice.

Triglyceride content in gastrocnemius muscle and liver
after 7-day AICAR-treatment. Triglyceride content in
skeletal muscle from fed lean and ob/ob mice was
similar (Table 2). Long-term (7 day) AICAR-treat-
ment led to a 22 % increase in triglyceride content in
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Fig.2. Effect of long-term in vivo AICAR treatment on glyco-
gen content in liver and skeletal muscle from fed and fasted
mice. Lean and ob/ob mice were treated with vehicle ([J) or
AICAR (M) for 7-days as described. Liver (A) and gastrocne-
mius muscle (B) were obtained from fed and fasted mice and
glycogen content was measured. Values are expressed as
umol - g wet weight™!. Results are Means + SEM for n=
6-10 mice. *p < 0.05, **p < 0.01, ***p < 0.001, significantly dif-
ferent from corresponding vehicle-treated mice

skeletal muscle from fed ob/ob mice (p < 0.05), with
no effect noted in lean mice. Vehicle and AICAR-
treated mice were also studied after an overnight
fast. Fasting did not alter skeletal muscle triglyceride
content in lean mice. In contrast with the fed mice,
AICAR treatment promoted a 16% increase
(p <0.05) in skeletal muscle triglyceride content in
fasting lean mice. In 0b/0b mice, fasting was associat-
ed with a 76 % (p < 0.05 vs fed ob/ob mice) increase
in skeletal muscle triglyceride content; this effect
was not altered by treatment with AICAR. Liver tri-
glyceride content was 21 % greater (p < 0.05) in fed
ob/ob than lean mice. Treatment with AICAR did
not alter liver triglyceride in fed lean mice but was ef-
fective in normalising liver triglyceride content in fed

Table 1. Mice characteristics and blood chemistry
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Fig.3. Effect of long-term in vivo AICAR treatment on
GLUT4 and hexokinase II expression in skeletal muscle.
Lean and ob/ob mice were treated with vehicle ([J) or AICAR
(M) for 7 days as described. Gastrocnemius muscle was ob-
tained from fed mice and GLUT4 (A) and Hexokinase II (B)
was determined. Inset is representative immunoblot. Graph is
Means + SEM arbitrary units for »n=5mice. **p <0.01,
***p < 0.001, significantly different from vehicle-treated mice

Arbitrary units
=2 MWhkind -

ob/ob mice. In fasted mice, liver triglyceride content
was similar between untreated and treated lean and
ob/ob mice.

Effect of 7-day AICAR treatment on GLUT4 and hex-
okinase 11 protein expression. Protein expression of
GLUT4, hexokinase II and glycogen synthase, re-

Lean vehicle Lean AICAR ob/ob vehicle ob/ob AICAR
Body wt (g) 21.7+0.9 233+0.8 41+1.5 40.7 +0.8
Fat pad wt (g) 0.27 +0.04 0.26 + 0.04 2.75+0.20 248 +0.13
Insulin (ng/ml) 0.56 +0.21 0.44 + 0.07 52.91 +10.33 39.81 +6.20
NEFA (umol/1) 247 + 46 393 £ 72 429 +33 741 + 69%*
Triglyceride (mmol/1) 1.5+£0.24 1.55+£0.25 2.27 £0.36 3.76 + 0.76*
ALAT (ukat/l) <0.01¢ <0.012 319+0.32 2.90 + 0.57

Blood samples were obtained in fed mice (n = 6). Results are
Means + SEM

*p < 0.05
**p < 0.01 vs vehicle-treated ob/ob mice
?Below the detection limit of the assay



X. M.Song et al.: AICAR exposure improves glucose homeostasis

-] R e {\%
'a.“(‘ P\c’?" ;_"3\\ c,?"

B e
A u\:‘ ob ‘0 e
N o -l-°

\.?"a“

300 -
200

il

100
Saline AICAR Saline AICAR
Lean ob/ob

Fig.4. Effects of long-term in vivo AICAR treatment on
MEF2 activation. A representative autoradiogram is shown
(A), and the quantitative data (Means + SEM) from four ex-
periments are shown (B). *p <0.05 vs lean vehicle-treated
mice

Lean saline (%)

spectively, were similar between lean and ob/ob mice.
Regardless of genotype, AICAR-treatment was asso-
ciated with a two-fold increase protein expression of
GLUT4 (p<0.01) and hexokinase II (p <0.001)
(Fig.3), and no change in glycogen synthase protein
content in skeletal muscle (data not shown).

Effect of 7-day AICAR treatment on MEF2 DNA
binding. Using a consensus MEF2 double-stranded
oligonucleotide, we observed a specific decrease in
the mobility of the labelled probe in nuclear extracts
from gastrocnemius skeletal muscles (data not
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Fig.5. Effect of long-term in vivo AICAR treatment on insu-
lin-stimulated glucose uptake in isolated skeletal muscle. So-
leus (A) and EDL (B) muscle were excised 24 h after the last
treatment from fed mice and incubated without (Basal, []) or
with 120 nmol/l insulin (). The 2-deoxyglucose uptake was
assessed. Results are Means + SEM for 4 muscles. *p < 0.05,
significantly different from lean mice

shown). In nuclear extracts isolated from AICAR-
treated lean and ob/ob mice, the MEF2-DNA com-
plex band was (p <0.05) enhanced compared with
lean control (1.9-fold and 2.4-fold for AICAR-treat-
ed lean and ob/ob mice, respectively) (Fig.4). Bind-
ing activity was specifically blocked in the presence
of a 10-fold molar excess of unlabelled oligonucle-
otide corresponding to the MEF2 probe.

Effect of 7-day AICAR treatment on insulin-stimulat-
ed glucose uptake. Insulin-stimulated glucose uptake
was impaired in skeletal muscle from ob/ob mice

Table 2. Triglyceride content in gastrocnemius muscle and liver from fed or fasted lean and ob/ob mice 24 h after 7-day (long-term)

AICAR-treatment

Muscle triglyceride umol - g wet wt™!

Liver triglyceride umol - g wet wt™!

Group Fed Fasted % T Fed Fasted % T
Lean vehicle 14.0+1.3 142 +1.9 1% 68.0+3.2 55.6 £3.1% 18 %
Lean AICAR 14.7£0.7 17.0 £ 2.1% 16% 66.9 + 3.7 54.1 £5.5% 19%
ob/ob vehicle 144 + 0.6 253 £4.9% 76 % 822 +58 58.7 £ 6.6%* 29 %
ob/ob AICAR 17.5 + 0.8%%** 29.2 + 3.3%* 67 % 61.8 + 4. 7% 54.8 £10.8 11%
Results are Means + SEM for 6-10 mice ##kp < 0.05

*p < 0.05 *#*%%¥p < 0.01 for vehicle compared with AICAR-treated mice

**p < 0.01 for fed compared with fasted mice
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Fig.6. Effect of long-term in vivo AICAR treatment on insu-
lin-stimulated phospho-tyrosine-associated PI 3-kinase activi-
ty in isolated skeletal muscle. Incorporation of [*P] into PI
3-phosphate for basal ([J) or insulin-stimulated () muscle
was assessed. Results are Means + SEM arbitrary Phospholm-
ager units for 4 muscles. ***p < 0.001, significantly different
from lean mice

Saline

compared with lean mice (Fig 5). In soleus muscle, in-
sulin-stimulated glucose uptake was about 45 % low-
er in ob/ob mice (p < 0.05). While the absolute insu-
lin-stimulated glucose transport was not significantly
impaired in EDL muscle from 0b/ob mice, the fold-
insulin-stimulation (increase over basal) was greater
in lean than in ob/ob mice (2.0-fold vs 1.4-fold, re-
spectively). Similar defects were noted in soleus and
EDL muscle from fasted mice (data not shown).
Treatment with AICAR did not improve basal or in-
sulin-stimulated glucose uptake in either soleus or
EDL muscle from lean or ob/ob mice. A similar insu-
lin-stimulated response was noted in soleus and EDL
muscle from fasted vehicle compared with AICAR-
treated mice (data not shown).

Effect of 7-day AICAR treatment on insulin-stimulat-
ed PI 3-kinase activity. Insulin-stimulated PI 3-kinase
activity was severely impaired in soleus muscle from
ob/ob mice (Fig.6). In lean mice, insulin increased
anti-phosphotyrosine-associated PI 3-kinase activity
10-fold (p < 0.001) in soleus muscle whereas, in ob/
ob mice, the insulin effect was severely blunted
(82 % lower; p < 0.001) compared with vehicle-treat-
ed lean mice.

Effect of short-term in vitro insulin or AICAR expo-
sure or both on glucose uptake in isolated skeletal
muscle from untreated mice. AICAR (2 mmol/l) in-
creases glucose uptake in soleus and EDL muscle
from lean mice (Fig.7). The magnitude of AICAR-
simulated glucose uptake was similar to that achieved
by a maximal effective concentration of insulin. Fur-
thermore, AICAR and insulin elicited an additive ef-
fect on glucose uptake in both muscle types. In ob/ob
mice, insulin-stimulated glucose uptake was severely
blunted in soleus (45 %) and moderately reduced in
EDL (10%) muscle compared with lean mice
(p <0.05). The AICAR-stimulated glucose uptake
was completely normal, with similar values achieved
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Fig.7. In vitro effect of insulin or AICAR or both on glucose
uptake in isolated skeletal muscle. Soleus (A) or EDL (B)
muscle from lean or ob/ob mice was incubated in the absence
(Basal, [J) or presence of insulin (120 nmol/l; l), AICAR
(2 mmol/l; f&), or a combination (E) of insulin (120 nmol/l)
and AICAR (2 mmol/l). Results are Means + SEM for 4 mus-
cles. *p <0.05, **p <0.001, significantly different from lean
mice

between lean and ob/ob mice. Insulin and AICAR
elicited additive effects on glucose uptake in ob/ob
mice.

Discussion

This study provides evidence that chronic AICAR
treatment lowers blood glucose and improves glucose
tolerance in diabetic ob/ob mice. The effect of Al-
CAR in lowering blood glucose appears to occur
from a direct stimulatory (insulin-independent) ef-
fect on glucose transport in skeletal muscle and from
an inhibition of hepatic glucose production, presum-
ably by inhibiting hepatic gluconeogenesis. However,
ob/ob mice are an extreme model of obesity, because
of their lack of the hormone leptin and consequently
do not mirror ordinary human obesity [28]. The lack
of leptin production, or the severe obesity or both,
could mean that these mice do not respond to Al-
CAR treatment in the way humans with diabetes
would.

AICAR treatment in ob/ob mice was associated
with higher amounts of liver glycogen under both
fasting and fed conditions. Liver glycogen content
was 50 % and 70 % greater in fed and fasted AICAR
treated than untreated mice. Our data does not ex-
clude the possibility that chronic AICAR treatment
has an inhibitory effect on gluconeogenesis. In isolat-
ed hepatocytes prepared from fasted rats, AICAR
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treatment, after its conversion into AICAribotide or
ZMP, exerts a dose-dependent inhibition on fruc-
tose-1, 6 —bisphosphatase and hence on gluconeogen-
esis, an effect which is not dependent on AMPK [20,
29]. In both fasted and fed mice, a single AICAR in-
jection (250 mg/kg) led to a significant accumulation
of fructose-1, 6-bisphosphate, reflecting inhibition of
fructose-1, 6-bisphosphatase and gluconeogenesis
[20]. In addition, treatment of hepatoma cells with
AICAR mimics the effect of insulin to repress gene
transcription of PEPCK and glucose-6-phosphatase,
two key gluconeogenetic genes [30]. The reduced
blood glucose concentrations in AICAR-treated ob/
ob mice in this study can probably be explained by a
marked inhibition of hepatic glucose output. Previ-
ous studies indicate that an effect on hepatic glucose
output after AICAR treatment could be attributed
to an inhibition of liver gluconeogenesis [20, 29, 30].

The increased liver glycogen content in AICAR-
treated ob/ob mice in our study could be due to either
a marked inhibition of hepatic glycogen breakdown
or to an increased glycogen formation, or to both. In-
triguingly, AICAR treatment did not alter liver gly-
cogen content in lean mice. The reason for this is not
clear, but it is possible that AICAR can only exert a
positive effect when liver glucose metabolism is im-
paired (i. e. there is increased hepatic glucose produc-
tion).

Although AICAR treatment did lower blood glu-
cose in ob/ob mice, this cannot be attributed to persis-
tent improvements in insulin-stimulated glucose up-
take in skeletal muscle. Nevertheless, AICAR treat-
ment increased protein expression of GLUT4 and
hexokinase II, with no change in glycogen synthase
noted. Importantly, in vitro MEF2 sequence specific
binding activity increased in skeletal muscle from
lean and ob/ob mice after 7 days of AICAR treat-
ment. The MEF2 site seems to be essential for
GLUT4 expression because deletions or point muta-
tions within the MEF2 consensus binding sequence
of the human GLUT4 promoter completely prevent
tissue-specific and hormonal/metabolic regulation of
GLUT4 protein [31]. Overexpression of either
GLUT4 or hexokinase II in transgenic mice is associ-
ated with increased glucose uptake and metabolism
in skeletal muscle [32, 33]. Thus, our results suggest
that AICAR-treatment was not effective in correct-
ing the defective insulin signal transduction to glu-
cose transport that is characteristic of ob/ob mice
[28, 34]. The PI 3-kinase is a necessary component of
the insulin signal transduction pathway to glucose
transport [35, 36] and a site of insulin resistance in
skeletal muscle in ob/ob mice [28, 34]. AICAR-treat-
ment did not restore insulin-stimulated phosphotyro-
sine-associated PI 3-kinase activity in soleus muscle
from ob/ob mice. Thus, the effect of chronic AICAR
treatment on blood glucose concentrations and glu-
cose tolerance in diabetic ob/ob mice cannot be at-
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tributed to long-term improvements in insulin action
on PI 3-kinase and glucose transport in skeletal mus-
cle.

Short-term in vitro AICAR treatment increased
glucose transport in isolated skeletal muscle from di-
abetic ob/ob mice, despite severe insulin resistance.
This is in accordance with previous studies reporting
short-term direct effects of AICAR on glucose trans-
port and uptake into skeletal muscle from non-dia-
betic rodents [9, 14, 16, 17]. Our findings have impor-
tant clinical implications, suggesting that signal trans-
duction by the AMPK pathway to glucose transport is
normal in insulin resistant muscle. Although insulin
action was not improved after 7 days of treatment
with AICAR, each injection could have elicited a
transient, short-term insulin-independent effect on
skeletal muscle glucose transport, which collectively
resulted in a chronic blood glucose lowering effect in
ob/ob mice. Thus, activation of glucose transport by
the AMPK pathway provides an alternative strategy
to bypass signalling defects characteristic of insulin
resistant skeletal muscle.

Despite the beneficial effect of AICAR treatment
on glucose homeostasis, the blood lipid profile in ob/
ob mice deteriorated. Circulating amounts of NEFA
and triglyceride were increased in diabetic mice fol-
lowing 7-days of AICAR treatment. Because Al-
CAR treatment inhibits lipogenesis through in-
creased phosphorylation of acetyl-CoA carboxylase
[37], these deleterious effects of AICAR on the blood
lipid profile are not surprising. Increased plasma
NEFA is probably due to increased lipolysis in adipo-
cytes. Short-term (60 min) AICAR exposure in iso-
lated adipocytes inhibits isoprenaline-stimulated li-
polysis, without any significant direct effect [10, 37].
Activation of AMPK by AICAR is known to phos-
phorylate and inhibit acetyl CoA carboxylase, lead-
ing to a decrease in malonyl CoA and an increase in
fatty acid oxidation [38, 39]. In this study, amounts of
triglyceride decreased in liver and increased in skele-
tal muscle in fed mice and did not change in fasted
mice after 7-day AICAR treatment. However, we
cannot exclude the possibility that AICAR-treat-
ment could also increase triglyceride turnover rate in
these tissues.

Activation of the AMPK signalling system has
been proposed as a method of treatment for patients
with impaired glucose tolerance and Type II diabetes
mellitus [13]. To date, the most widely used activator
of this pathway is AICAR, which through conversion
to ZMP, mimics effects of AMP on AMPK [9-12].
Despite major differences between ob/ob mice and
human obesity, we noted several positive effects of
AICAR-including improved glucose homeostasis, in-
creased muscle GLUT4 and hexokinase II protein
expression. We also noted a glycogen sparing/enhanc-
ing effect in liver and muscle, improved glucose up-
take in isolated skeletal muscle after short-term in
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vitro exposure. However, AICAR treatment had ad-
verse effects on the blood lipid profile in both normal
and ob/ob mice. Furthermore, a recent report [40]
provides evidence that in 3T3-L1 adipocytes, a
60 min AICAR exposure inhibits insulin-stimulated
glucose transport.

Because large amounts of AICAR are needed to
induce the adaptations we describe, AICAR itself
will probably not be used in the treatment of meta-
bolic abnormalities patients with Type II diabetes
mellitus. Our study highlights the importance of eval-
uating compounds that mimic the effects of AICAR
in whole body systems. For AMPK to be an accept-
able target for anti-diabetic treatment, tissue-specific
and pathway-specific pharmacological strategies
must be developed to stop the blood lipid profile
worsening.
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