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Abstract

Insufficient intracellular fat oxidation is an important
contributor to aging-related insulin resistance, while
the precise mechanism underlying is unclear. AMP-ac-
tivated protein kinase (AMPK) is an important regulator
of intracellular fat oxidation and was evidenced to play
a key role in high-glucose and high-fat induced glucose
intolerance. In the present study, we investigated
whether altered AMPK expression or activity was also
involved in aging-related insulin resistance. Insulin
sensitivity of rats’ skeletal muscles was evaluated
using in-vitro glucose uptake assay. Activity of a sub-
unit of AMPK (AMPKa.) was evaluated by measuring
the phosphorylation of both AMPKa (P- AMPKa) and
acetyl-CoA carboxylase (P-ACC), while expression of
AMPKa was assessed by determining the mRNA levels
of AMPKa1 and AMPKa 2, and protein contents of
AMPKgq.. Compared with 4-month old rats, 24-month
old rats exhibited obviously impaired insulin

sensitivity. At the same time, AMPKa. activity sig-
nificantly decreased, while AMPKa expression did not
alter during aging. Glucose transporter 4 expression
also decreased in old rats. Compared with 24-month
old rats, administration of the specific activator of
AMPK, 5-aminoimidazole-4-carboxamide riboside
(AICAR), significantly elevated AMPKa. activity and
GluT4 expression. Also, aging-related insulin resist-
ance was significantly ameliorated by AICAR treat-
ment. In conclusion, aging-related insulin resistance
is associated with impaired AMPKa. activity and could
be ameliorated by AICAR, thus indicating a possible
role of AMPK in aging-induced insulin resistance.
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Introduction

Aging is one of the single risk factor leading to
insulin resistance and type 2 diabetes (Carvalho et
al., 1996; Boirie et al., 2001; Scheen, 2005), while
the precise mechanism is not fully elucidated yet.
Recent researches have proposed that insufficient
intracellular fatty acid oxidation and subnormal
triglyceride (TG) accumulation in insulin target
organs might be an important contributor (Cree et
al., 2004; lossa et al., 2004; Menshikova et al.,
2006; Slawik and Vidal-Puig, 2006). Although the
effects of aging on impaired fatty acid oxidation
and fat accumulation have been well demon-
strated in both humans and rodents (Calles-
Escandon et al., 1995,1997; Park et al., 2006), the
mechanism underlying is unclear. Part of the defect
in fat oxidation might be explained by the altered
body composition during aging, such as decreased
muscle mass and increased fat mass (Calles-
Escandon et al., 1995). However, related studies
showed differences of fat oxidation still exist when
body composition was taken into account (Sial et
al., 1996, 1998). Also, it was proposed that insuf-
ficient physical exercise in the eldly might play a
role in aging-associated fat metabolism disturb-
ance (Seals et al., 1984; Cox et al., 1999). But data
from Short KR revealed that four months of
physical training showed no obvious amelioration
of the age-related insulin resistance (Short et al.,
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2003). Taken all these data into consideration, we
hypothesized there might be other mechanisms
underlying aging-related fat oxidation insufficiency
and insulin resistance.

In recent years, AMP-activated protein kinase
(AMPK) has drawn a great deal of interest due to
its regulative effect on intracellular fatty acid
oxidation and insulin sensitivity. Several stresses
such as exercise, hypoxia, or prolonged starvation
could activate AMPK via increasing the ratio of
intracellular AMP/ATP. Once activated, its classical
effect is to inactivate acetyl-CoA carboxylase
(ACC) in a phosphorylation manner, resulting in a
decrease in malonyl-CoA, thus relieving inhibition
of carnitine palmitoyltransferase 1 (CPT-1) and
facilitating FFA entry into mitochondria for B-oxida-
tion (Rutter et al., 2003). Via regulating intracellular
fatty acid oxidation, AMPK has been proposed as a
positive regulator of insulin sensitivity. Several phy-
siological and pharmacological agents reportedly
could exert their insulin-sensitizing effects via
activating AMPK, such as leptin (Minokoshi et al.,
2002), adiponection (Yamauchi et al., 2002) and
metformin (Zhou et al., 2001). Besides regulating
fatty acid oxidation, it was reported AMPK could
regulate insulin sensitivity via stimulating Glut4
expression (Jessen et al., 2003). Further research
demonstrated such the effect was mediated by
MEF2 and GEF, two key Glut4 transcription
regulators (Holmes et al., 2005).

Recently, Kraegen EW and colleagues reported
that four days of glucose infusion induced a signifi-
cant decrement of AMPK activities in rats’ muscles
and liver, accompanied with impaired insulin
signaling and glucose disposal, indicating a possi-
ble role of AMPK in glucotoxicity (Kraegen et al.,
2006). Our previous study also demonstrated that
impaired expression and activity of AMPK, and
accordingly insufficient intracellular fatty acid oxi-
dation, might also participate in high-fat associated
insulin resistance (lipotoxicity) (Liu et al., 2006).
Whether such the mechanism is also involved in
age-related insulin resistance is unclear. The pre-
sent study investigated the role of AMPK in aging-
induced insulin resistance and possible down-
stream mechanism underlying.

Materials and Methods

Animals

Total three groups of male Wistar rats (Shandong
Epidemic-Prevention Station, Jinan, China) are
used in the present study: young rats (4 month old,
n=9); old rats (24 month old, n =9); old rats treated
with 5-aminoimidazole-4-carboxamide riboside (Al-

CAR, Sigma, n=29); AICAR, the specific activator
of AMPK, was administrated for a week via subcu-
taneous injection once a day at the dosage 0.5
mg/g BW. Animals were housed in individual cages
under conditions of constant temperature (25°C)
and humidity. Foods and water were provided ad-
libitum and maintained under 12L:12D lighting
conditions (light on 6 am to 6 pm). All animal
experimental procedures above were approved by
Shandong University Institutional Animal Care and
Use Committee.

Biochemical analysis

Blood samples were collected from inferior vena
cava on the day rats were sacrificed. Fasting blood
glucose levels were measured using glucose-oxi-
dase method. Fasting serum insulin levels were
determined by radioimmunoassay using an insulin
reagent kit (Northern Bioengineering Institute,
China). Levels of triglyceride (TG) and total chole-
sterol were detected using automatic biochemistry
analyzer.

In-vitro 2-deoxy glucose uptake

In vitro glucose uptake was performed as pre-
viously described (Wan et al., 2005; Liu et al.,
2006). Briefly, after rats were anesthetized (pento-
barbital sodium, 50 mg/kg BW), gastrocnemius mus-
cles were dissected out and rapidly cut into 40-80
mg strips. The muscle strips were put into 20 ml
flasks, containing 2.0 ml KHB buffer supplemented
with 8 mM glucose, 32 mM mannitol, and 0.1% BSA
and incubated at 35°C for 60 min. Then, muscles
were incubated for 20 min using KHB buffer supple-
mented with (for measurement of insulin-stimulated
glucose uptake) or without (for measurement of
basal glucose uptake) 2 mU/ml insulin (Novolin R,
Novo Nordisk, Denmark). After the incubation, mus-
cle strips were rinsed for 10 min at 29°C using 2 ml
KHB buffer containing 40 mM mannitol and 0.1%
BSA and further incubated for 20 min at 29°C in 1.5
ml of KHB buffer which contained 8 mM 2-deoxy-
D-[1,2->H(N)] glucose (2.25 pCi/ml), 32 mM ["*C]man-
nitol (0.3 pCi/ml), 2 mM sodium pyruvate, and 0.1%
BSA. Flasks were supplied continuously with 95%
02-5% CO- throughout the experiment and insulin
was present during the wash and the uptake
incubations for measuring insulin-stimulated glucose
uptake. The stripes were blotted, weighed, and solu-
bilized with 1 ml 0.5 N NaOH. Radioactivity was
counted using a liquid scintillation counter. 2-Deoxy-
[3H]glucose uptake values were corrected for
extracellular trapping using [14C]mannitol counts.



Western blot analysis

Protein contents of a subunit of AMPK (AMPKa.),
phosphorylated AMPKa  (P-AMPKa), ACC,
phosphorylated ACC (P-ACC) and GluT4 of rats’
gastrocnemius muscles were determined using
Western blot. Muscles were homogenized in a
buffer suitable for preserving phosphorylation
states of enzymes, containing 50 mM HEPES, pH
7.4, 150 mM NaCl, 10% glycerol, 1%Triton X-100,
1.5 mM MgCl;, 1 mM EDTA, 10 mM NasPO4, 100
mM NaF, 2 mM NazVO4, 10 ug/ml leupeptin, 10
pg/ml aprotinin, and 1 mM phenylmethylsulfonyl
fluoride, using a Wheaton glass homogenizer and
a tight-fitting pestle. Samples for Western blots
were prepared from supernatants after centri-
fugation of homogenates for 10 min at 14,000 X g
and protein concentrations were determined by
Lowry protein assay (Bio-Rad, Hercules, CA). After
SDS-PAGE (10% resolving gels, except 5% gels
for ACC and P-ACC), proteins were transferred
from gel to nitrocellulose membrane. Membranes
were blocked in 5% nonfat dry milk (Sigma) in
PBST (139 mM NaCl, 2.7 mM KH,PQO4, 9.9 mM
Na;HPO4, and 0.1% Tween 20) for 1 h and then
incubated overnight with the specific antibodies to
the AMPKa (Cell signaling), P-AMPKa (Cell
signaling), ACC (Cell signaling, Berverly, MA),
P-ACC (Upstate, Lake Placid, NY) and GluT4
(Santa Cruz, CA). After incubation with the relative
second antibody, immune complexes were
detected using the ECL method, and immuno-
reactive bands were quantified using Alphaimager
2200. Values were corrected with the absorbency
of the internal control (Actin).

Real-time PCR

There are two isoforms of AMPKo.: a1 and a2. We
further determined the mRNA levels of AMPKa1
and AMPKa 2 of rats’ gastrocnemius muscles using
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Real-time PCR. GluT4 mRNA contents were also
measured. Total RNA was extracted from frozen
gastrocnemius muscle using standard Trizol RNA
isolation method. Reverse transcription of 1 ng RNA
was carried out according to the instructions of
TaKaRa RT kit (Invitrogen, Carlsbad, CA). Specific
primers designed against rat AMPKa1, AMPKa 2,
Glut4 and GAPDH were verified in NCBI Blast and
primers sequences are described as follows. For
AMPKa.1: forward 5’GGGATCCATCAGCAACTATC-
G3'; reverse 5'GGGAGGTCACGGATGAGGS3'. For
AMPKa2: forward 5'CATTTGTGCAAGGCCCCTA-
GT3'; reverse 5'GACTGTTGGTATCTGCCTGTTTC-
C3'. For GluT4: forward 5'GGGCTGTGAGTGAGT-
GCTTTC3'; reverse 5'CAGCGAGGCAAGGCTAGA-
3'. For GAPDH (internal control): forward 5TGGT-
GGACCTCATGGCCTACS3'; reverse 5'CAGCAACT-
GAGGGCCTCTCT3..

Real-time PCR was performed using Quantitect
SYBR Green kit (Qiagen, Standford, Valencia, CA)
following the manufacturer’s instructions. Reaction
volume was 25 pl, and 100 ng cDNA were used as
the template. The annealing temperature was 57°C.
Fluorescence was detected using ABI Prism 7700
Detection System. PCR products were visualized
with gel electrophoresis to confirm a single product
of the correct size (150 bp). Ratios of target gene to
GAPDH were calculated and compared between
samples.

Data analysis

All experiments were repeated at least three times.
Values are given as means £ S.D. Data were
analyzed using SPSS 10.0 software. Statistical sig-
nificance was assessed by ANOVA and unpaired
Student’s t-test.

Table 1. Rats’ body weight, fast plasma glucose levels, serum insulin levels, triglyceride and total cholesterol levels.

Groups n BW FI Tch TG
P (9) (mmol/l) (pmolll) (mmol/l) (mmol/)
Young 9 253 = 13 2.83 = 0.25 436 = 2.7 167 = 0.27 0.86 £ 0.09
o 9 482 + 28" 3.29 + 0.15 57.8 = 4.3 223 = 0.1* 1.28 + 0.12*
AICAR 9 478 = 17 323 £0.22 49 + 2.3 231 £ 0.26 1.31 = 0.12

Rats’ bodyweights were measured and biochemical analyses were performed as described in the methods. Compared with young rats (4 month old), old
ones (24 month old) exhibited obviously impaired insulin sensitivity, evidenced by elevated body weights (P < 0.01), fasting plasma glucose levels (P <
0.01) and fasting serum insulin levels (P < 0.05). Plasma triglyceride and total cholesterol levels also increased during aging (P < 0.05). Compared with
old group, AICAR treatment induced a 16% decrement of fasting insulin levels (P < 0.05). No alternations of bodyweights, fasting glucose, plasma trigly-
ceride and total cholesterol levels were detected between old group and AICAR treatment group. Values are given as means = SD and P < 0.05 is con-
sidered statistically significant. BW, body weight; FG, Fasting glucose; Fl, Fasting insulin; Tch, total cholesterol; TG, triglyceride; Young, young rats; Old, old

rats; AICAR, old rats treated with AICAR. *: P < 0.05;% P < 0.01.
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Results

Evaluation of insulin sensitivity of aged and
AICAR-treated rats

Rats’ body weights, fasting plasma glucose levels,
serum insulin levels, triglyceride and total chol-
esterol levels were measured and results were
presented as Table 1. Compared with 4-month
aged rats, 24-month old rats exhibited obviously
impaired insulin sensitivity, indicated by increased
levels of body weight (P < 0.01), fasting plasma
glucose (P < 0.01), fasting serum insulin (P <
0.05), as well as plasma ftriglyceride and total
cholesterol levels (P < 0.05). Compared with 24-
month old rats, administration of AICAR induced a
16% decrease of fasting serum insulin levels (P <
0.05), while did not affect rats’ body weights,
fasting plasma glucose levels and plasma trigly-
ceride and total cholesterol levels.

Aging impairs insulin-induced glucose uptake of
rats’ muscles

To further determine insulin sensitivity of rats
skeletal muscle, in vitro glucose uptake of isolated
gastrocnemius muscles were measured. Data
were provided as Figure 1. Compared with 4-month
aged rats, both basal and insulin-stimulated glucose
uptake significantly decreased in 24-month old rats
(P < 0.05), indicating onset of insulin resistance.
Compared with 24-month aged rats, AICAR
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Figure 1. Aging impairs insulin-induced glucose uptake of rats’ muscles.
Compared with young rats, aging induced a 37% decrease of basal glu-
cose uptake (P < 0.05) and a 69% decrease in insulin-stimulated glu-
cose uptake (P < 0.01). When compared with old rats, administration of
AICAR increase basal glucose uptake by 1.2 fold and insulin-stimulated
glucose uptake by 1.4 fold (P < 0.05). Values are given as means =
SD and P < 0.05 is considered statistically significant. Young, young
rats: Old, old rats; AICAR, old rats treated with AICAR. *: P < 0.05:* P
< 0.01.

1.4+

1.2

0.8 1

0.6 1

AMPKoa/Actin ratio

0.4 1

0.2 1

Young old AICAR

Figure 2. Aging does not affect AMPKa protein levels. AMPKa. protein
contents of rats’ gastrocnemius muscle were quantified using western
blot. No significant alternations were detected among three groups.
Values are given as means = SD and P < 0.05 is considered statisti-
cally significant. Young, young rats; Old, old rats; AICAR, old rats treated
with AICAR.
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Figure 3. mRNA levels of AMPKa 1 and AMPKa.2 does not alter during
aging. mRNA levels of AMPKa.1 and AMPKa.2 in rats’ gastrocnemius
muscle were determined using Real-time PCR. No alternations of
AMPKa.1 and AMPKa2 mRNA expression were detected among three
groups. Values are given as means = SD and P < 0.05 is considered
statistically significant. Young, young rats; Old, old rats; AICAR, old rats
treated with AICAR.



treatment induced a 1.2 fold increase of basal
glucose uptake (P < 0.05), and 1.4 fold increase of
insulin-stimulated glucose uptake (P < 0.05).

Expression of AMPKo does alter during aging

To determine the effects of aging on the expression
of AMPKa., protein contents of total AMPKa and
mRNA levels of AMPKa1 and AMPKa2 of rats’
gastrocnemius muscle were quantified using
Western blot and Real-time PCR separately. No
significant differences of AMPKao protein levels
were detected between 4-month old rats and with
24-month old rats (Figure 2). Consistent with such
findings, mRNA levels of AMPKa1 and AMPKa.2
also did not change during aging (Figure 3),
indicating aging might not affect AMPKo expres-
sion. Compared with 24-month old rats, no alter-
nations of AMPK-a protein and mRNA levels were
detected after AICAR treatment (Figure 2 and 3).

Aging impairs AMPKa activities in rat’ muscles

Activities of AMPKo. were evaluated by measuring
the protein contents of P-AMPKa., its active state,
in rats’ gastrocnemius muscles. As shown in
Figure 4, 24-month aged rats exhibited significant
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Figure 4. Aging impairs AMPKa. activities. Protein levels of P-AMPKa. in
rats’ gastrocnemius muscle were measured to evaluate AMPKa
activities. Compared with young rats, P-AMPKa protein levels decreased
by 63% in old rats (P < 0.01), suggesting aging might impair AMPKa.
activities. Compared with old rats, AICAR induced a 132% increment of
P-AMPKa. protein levels (P < 0.01). Values are given as means = SD
and P < 0.05 is considered statistically significant. Young, young rats;
0d, old rats; AICAR, old rats treated with AICAR. *: P < 0.01.

Aging impairs insulin-stimulated glucose uptake 539

decreased P-AMPKa protein contents compared
with that of 4-month old (P < 0.01), suggesting
aging might impair AMPKa. activities. AICAR is a
known activator of AMPK, and its AMPK-activating
effect was also demonstrated in the present study.
Compared with 24-month old rats, AICAR ftreat-
ment induced a 132% increment of P-AMPKa
levels (P < 0.01).

P-ACC levels decreased during aging

The major biological effects of AMPKo are to
phosphorylate and inactivate ACC. To further inve-
stigate the effects of aging on AMPKa., protein
levels of P-ACC and ACC of rats’ gastrocnemius
muscles were determined using specific antibo-
dies (Figure 5). No alternations of ACC levels were
detected among three groups. However, aging
induced a 51% decrease of P-ACC protein
contents (P < 0.05). Compared with 24-month old
rats, administration of AICAR elevated P-ACC
levels by 94% (P < 0.05). These findings not only
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Figure 5. P-ACC levels decreased during aging. Protein contents of
ACC and P-ACC in rats’ gastrocnemius muscle were determined using
Western blot. Compared with young rats, 24-month aged rats exhibited
51% decrement of P-ACC protein contents (P < 0.05). When com-
pared with old rats, administration of AICAR increased P-ACC protein
levels by 94% (P < 0.05). No alternations of ACC protein levels were
detected among three groups. Values are given as means = SD and P
< 0.05 is considered statistically significant. Young, young rats; Old, old
rats; AICAR, old rats treated with AICAR. *: P < 0.05.
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present further evidences suggesting aging might
impair AMPKao activities, but also indicate the
ACC-mediated pathway might act as the
downstream player underlying aging-related fatty
acid oxidation insufficiency and insulin resistance.

Aging decreased GluT4 expression

Besides regulating intracellular fat oxidation, AMPK
has also been evidenced it could regulate insulin
sensitivity via promoting GluT4 expression (Jessen
et al., 2003). Aging-induced insulin resistance is
accompanied with decreased GluT4 expression
(Houmard et al.,, 1995; Larkin et al., 2001), the
same effect was also demonstrated in the present
study (Figure 6). 24-month old rats showed a 71%
decrease of GIluT4 protein levels and 53%
decrement of GluT4 mRNA levels, compared with
4-month aged rats (P < 0.05). The impairment of
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Figure 6. Aging decreased GluT4 expression. Protein and mRNA levels
of GluT4 in rats’ gastrocnemius muscle were measured using Western
blot and Real-time PCR. Compared with young rats, aging induced a
71% decrease of GluT4 protein levels and a 53% decrease of its mMRNA
levels (P < 0.05). Both the protein and mRNA levels of GluT4 sig-
nificantly elevated after AICAR treatment (P < 0.05). Values are given
as means == SD and P < 0.05 is considered statistically significant.
Young, young rats; Old, old rats; AICAR, old rats treated with AICAR. *: P
< 0.05%P < 001.

GluT4 expression during aging was significantly
ameliorated by AICAR treatment (P < 0.05).
These data indicate GluT4 might act as another
downstream player of AMPKa in the pathogenesis
of aging-related insulin resistance.

Discussion

As proposed by professor McGarry JD (McGarry,
2002), the inefficient intracellular fatty acid oxida-
tion and accordingly increased intracellular fat
accumulation in insulin target organs are impor-
tant contributors and predictors of insulin
resistance. To date, the relationship between
intracellular fatty acid metabolism and insulin
sensitivity has been well documented by both
in-vivo and in-vitro studies. For example, it was
showed animals treated with R-etomoxir, an
inhibitor of CPT-1, the key enzyme of intracellular
fatty acid beta-oxidation, became more insulin
resistant (Dobbins et al., 2001), while those with
CPT-1 over-expression exhibited significantly in-
creased insulin sensitivity (Perdomo et al., 2004).
Aging is also associated with impaired intracellular
fatty acid oxidation (Calles-Escandon et al., 1995,
1997; Park et al., 2006), and this was proposed as
an important mechanism underlying age-related
insulin resistance (Petersen et al., 2003; Cree et
al., 2004; lossa et al., 2004; Menshikova et al.,
2006; Slawik and Vidal-Puig, 2006). However, the
mechanisms are still unclear. As described above,
neither altered body composition nor insufficient
physical exercise could fully explain such the
defects. Thus, the precise mechanism underlying
still needs further investigation.

AMPK, via regulating ACC activities and intra-
cellular malonyl-CoA contents, has been eviden-
ced as an important regulator of intracellular fat
acid oxidation and insulin sensitivity (Rutter et al.,
2003). Furthermore, it was demonstrated recently
that altered expression or activity of AMPK might
play a key role in the onset of both high-fat and
high-glucose induced insulin resistance (Kraegen
et al., 2006; Liu et al., 2006). In the present study,
we demonstrated AMPK might also participate in
aging-related fat oxidation insufficiency and insulin
resistance. Both the expression and activity of
AMPKa were investigated using Western blot and
Real-Time PCR separately. Aging might not affect
AMPKa expression, as neither mRNA levels of
AMPKa1 and AMPKa2 nor protein contents of
total AMPKo altered between 4-month aged and
24-month aged rats. However, protein levels of
P-AMPKa., the active form of AMPKa., significantly
decreased during aging, suggesting impaired



AMPKa activities. Thus, our findings present direct
evidences that aging-related insulin resistance is
also associated with decreased AMPKa activity.

As mentioned above (Rutter et al., 2003), the
major biological effect of AMPK is to regulate
intracellular fatty acid oxidation via inactivating
ACC in a phosphorylation manner. We further
investigated the activity of ACC. Although no
alternations of total ACC levels were detected
between 4-month aged and 24-aged rats, P-ACC
contents significantly decreased during aging. ACC
is the key regulator of intracellular malonyl-CoA
production and the phosphorylation state is its
inactive form. The reduced P-ACC levels would
unavoidably lead to the enhanced ACC activity,
increased malonyl-CoA contents, impaired intra-
cellular fatty acid oxidation and accordingly, insulin
resistance. Thus, ACC might act as a downstream
factor in the possible AMPK-mediated mechanism
underlying aging-related intracellular fat oxidation
insufficiency and insulin resistance. Enhanced
ACC activities could lead to onset of insulin resi-
stance, while inactivating ACC has insulin-sen-
sitizing effects, as demonstrated by Abu-Elheiga L
and his colleagues (Abu-Elheiga et al., 2003). In
their studies, ACC-deactivated animals, which
were created either by gene knockout or gene
mutant, exhibited obviously enhanced intracellular
fatty acid oxidation and were protected from
high-fat induced resistance. The alternations of
P-ACC levels during aging might not only provide
further evidences to our suggestions that AMPKa
plays a role in aging-associated inefficient
intracellular fat oxidation and insulin resistance, but
also suggest a possible ACC-mediated pathway
might be involved.

Besides regulating insulin sensitivity via affecting
ACC activities and intracellular fat acid oxidation as
described above, AMPK could directly regulate
GluT4 expression (Jessen et al., 2003; Holmes et
al., 2005). In cultured skeletal muscle cells, over-
expression of an active mutant AMPKa subunit
induced a significant increment of GIluT4 protein
contents, along with increased insulin-stimulated
glucose uptake (Fryer et al., 2002). The same
effects have also been demonstrated by in-vitro
studies. As demonstrated by Jessen et al. (2003),
a single injection of AICAR resulted in an almost 2
fold increment of Glut4 protein contents in rats’
skeletal muscles. Aging-induced insulin resistance
is also associated with decreased GluT4 expres-
sion, which has been well documented in both
humans (Houmard et al., 1995) and rodents
(Larkin et al., 2001), as well as in our present
research. Although other mechanisms could not be
excluded, impaired AMPKa activities might contri-
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bute, at least partly, to age-related decrease of
GluT4 expression. Thus, Glut4 might act as ano-
ther downstream effecter in the AMPK-mediated
mechanism underlying aging-induced insulin resist-
ance, besides regulating fatty acid oxidation via
ACC. MEF2 and GEF are two transcription regula-
tors of Glut4, and AMPK has been demonstrated
recently it could regulate their expressions and
activities (Holmes et al., 2005). Whether such the
mechanism is also involved in aging-induced
insulin resistance needs further investigation.

AICAR is the most widely used activator of
AMPK. To further determine the role of AMPKa in
age-related insulin resistance, AICAR was also
employed in our present study and its AMPK-
activating effect was also confirmed by measuring
the P-AMPKa and P-ACC levels. Accompanied
with activation of AMPK, rats treated with AICAR
exhibited obviously ameliorated aging-related
glucose metabolism disturbance, indicated by
increased Glut4 contents, enhanced insulin-
stimulated glucose uptake, and decreased fasting
serum insulin levels. Thus, these data put further
evidences supporting the role of AMPK in aging-
induced insulin resistance.

In conclusion, our present research suggested
aging is associated with impaired AMPKa activity
and such the impairment might contribute, at least
partly, to aging-related insulin resistance. Similar to
our suggestions, it was demonstrated recently
AMPK plays a fundamental role in several signal
pathways controlling aging process (Curtis et al.,
2006). Also, it was proposed and subsequently
was evidenced that activating AMPK has the effect
of slowing aging and extending lifespan (McCarty,
2004; Curtis et al., 2006). Although the relationship
between aging and AMPK has been well docu-
mented, little is known about the upstream mecha-
nisms responsible for aging-related reductions of
AMPK. Cellular AMP/ATP ratio, LKB1 and Calmo-
dulin-dependent protein kinase kinase B (CaMKK}p)
are all physiological regulators of AMPK. Whether
aging-related decrement of AMPK activity is also
mediated by these regulators needs further investi-
gation.
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