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Abstract
AMP-activated protein kinase (AMPK) is widely recognized as an important regulator of glucose
transport in skeletal muscle. The p38 mitogen-activated protein kinase (MAPK) has been proposed
to be a component of AMPK-mediated signaling. Here we used several different models of altered
AMPK activity to determine whether p38 MAPK is a downstream intermediate of AMPK-mediated
signaling in skeletal muscle. First, L6 myoblasts and myotubes were treated with AICAR, an AMPK
stimulator. AMPK phosphorylation was significantly increased, but there was no change in p38
MAPK phosphorylation. Similarly, AICAR incubation of isolated rat extensor digitorum longus
(EDL) muscles did not increase p38 phosphorylation. Next, we used transgenic mice expressing an
inactive form of the AMPKα2 catalytic subunit in skeletal muscle (AMPKα2i TG mice). AMPKα2i
TG mice did not exhibit any defect in basal or contraction-induced p38 MAPK phosphorylation. We
also used transgenic mice expressing an activating mutation in the AMPKγ1 subunit (γ1R70Q TG
mice). Despite activated AMPK, basal p38 MAPK phosphorylation was not different between wild
type and γ1R70Q TG mice. In addition, muscle contraction-induced p38 MAPK phosphorylation
was significantly blunted in the γ1R70Q TG mice. In conclusion, increasing AMPK activity by
AICAR and AMPKγ1 mutation does not increase p38 MAPK phosphorylation in skeletal muscle.
Furthermore, AMPKα2i TG mice lacking contraction-stimulated AMPK activity have normal p38
MAPK phosphorylation. These results suggest that p38 MAPK is not a downstream component of
AMPK-mediated signaling in skeletal muscle.

INTRODUCTION
AMP-activated protein kinase (AMPK), a member of a metabolite-sensing protein kinase
family, has multiple functions in various tissues (1-3). When intracellular ATP concentrations
decrease, AMPK acts to switch off ATP-consuming pathways and switch on alternative
pathways for ATP regeneration. Thus, AMPK is thought to act as a cellular fuel sensor (4). In
skeletal muscle, regulation of glucose transport is one of the best known functions of AMPK
(5). Activation of AMPK by pharmacological stimulation (6-8) or transient expression of an
AMPK active mutant (9) increases glucose transport. Activation of AMPK stimulates glucose
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transport through translocation of glucose transporter (GLUT) 4 from the intracellular pool to
surface membranes in skeletal muscle (10;11). AMPK may also play a role in enhancing muscle
insulin sensitivity and responsiveness for glucose transport (12-15). Thus, understanding the
function of AMPK has potential therapeutic significance for the treatment of defects in glucose
metabolism such as diabetes and the metabolic syndrome.

Although there is considerable evidence demonstrating an important role for AMPK in the
regulation of glucose transport in skeletal muscle, the signaling mechanisms downstream of
AMPK leading to GLUT4 translocation are not fully understood. One hypothesis is that the
p38 mitogen-activated protein kinase (MAPK) is a mediator of glucose transport, and
downstream of AMPK signaling. Treatment of Clone 9 cells, a rat liver epithelial cell line, with
the AMPK activator 5-aminoimidazole-4-carboxamide riboside (AICAR) stimulated glucose
transport (16). AICAR-stimulated glucose transport was inhibited by a p38 MAPK inhibitor,
SB203580, and also by overexpression of a dominant-negative p38 MAPK mutant in these
cells (16). Furthermore, overexpression of a constitutively-active AMPK mutant resulted in
activation of p38 MAPK (16). Since Clone 9 cells express GLUT1 but not GLUT4, the authors
concluded that AMPK stimulates GLUT1-mediated glucose transport through activation of the
p38 MAPK cascade. More recently, Lemieux et al. (11) reported that AICAR activates p38
MAPK concomitant with activation of AMPK and glucose transport in skeletal muscle, and
that AICAR-stimulated glucose transport was abrogated by SB203580. These data suggest that
p38 MAPK is a key molecule that mediates AMPK signaling to increase glucose transport in
skeletal muscle.

Since SB203580, a commonly used tool to study p38 MAPK function has been found to have
non-specific inhibitory effects on glucose transport (17) and can block AICAR uptake into
cells (18), we have performed experiments aimed at investigating the putative relationship
between AMPK and p38 MAPK signaling in skeletal muscle using methods that do not involve
the use of this inhibitor. In using several different models of altered AMPK activity, our studies
find no evidence for a regulatory role for AMPK in p38 MAPK cell signaling.

MATERIALS AND METHOD
Antibodies

Antibodies to p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182), phospho-MKK3/6
(Ser189/207), phospho-ATF2 (Thr69/71) were from Cell Signaling Technology and phospho-
AMPK (Thr172) and phosphor-acetyl CoA carboxylase (ACC, Ser79/218) were from Upstate
Biotechnology. AMPK pan-α antibody was generated against a peptide N'-
AEKQKHDGRVKIGHY-C'. AMPK α isoform- specific antibodies were made against the
amino acid sequences 339-358 of rat α1 and 352-366 of rat α2 (19). Anti-mouse and anti-sheep
IgG-horseradish peroxidase were from Upstate Biotechnology. The anti-rabbit IgG-HRP and
ECL-Plus Western blotting detection kit were purchased from Amersham Pharmacia
Biotechnology.

L6 myoblasts and myotubes
L6 cells were seeded into 12-well plates and maintained in growth medium containing αMEM
supplemented with 10% fetal bovine serum in a humidified atmosphere containing 5%
CO2-95% air at 37C (20). Myoblasts were grown in monolayers and allowed to reach
confluence. Myoblasts were differentiated to myotubes by exposure to 2% fetal bovine serum
for 8 days. L6 myoblasts and myotubes were serum-starved for 5 hr in αMEM before any
treatment. Cells were washed twice in PBS and incubated in 2 mM of AICAR or 500 μM of
2,4-dinitrophenol (DNP) for 10 min. Cell culture dishes were then placed on ice and lysed for
immunoblotting.

Ho et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2008 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Transgenic Mice
Muscle specific transgenic mice carrying an inactive-form of the α2 catalytic subunit of AMPK
(α2 D157A mutant; α2i TG mice) and muscle specific transgenic mice carrying an active
mutant of the γ subunit of AMPK (γ1 R70Q mutant; γ1R70Q TG mice) were generated as
reported by Fujii et al. (21) and Barre et al. (22), respectively. Wild type and heterozygous (+/
−) transgenic mice were obtained from intercrosses between wild type mice and heterozygous
(+/−) mice, and treatment groups were derived from littermates. All procedures were approved
by the Institution Animal Care and Use Committee of the Joslin Diabetes Center.

In vitro muscle incubation with AICAR
Male Sprague-Dawley rats weighting ∼40 g (Taconic) were sacrificed, and the extensor
digitorum longus (EDL) muscles were rapidly removed and treated as previously described
(21). Both ends of each EDL muscle were tied with suture and mounted on an incubation
apparatus. Muscles were preincubated in 6 ml of Krebs-Ringer bicarbonate (KRB) buffer
containing 2 mM pyruvate for 20 min. The muscles were then incubated in KRB buffer in the
absence or presence of 2 mM AICAR for 40 min.

In vivo AICAR treatment
Fed male Sprague-Dawley rats or ICR mice (Taconic) were given an intraperitioneal injection
of either AICAR (1 mg/g body wt) or a comparable volume of saline and were allowed to
remain in their cages. Animals were sacrificed via cervical dislocation 60 min after injections.
Hindlimbs were removed, and gastrocnemius muscle was isolated, snap-frozen in liquid N2,
and stored in liquid N2 until processing.

In situ muscle contraction
In situ muscle contraction was performed as described previously (23). Briefly, mice were
anesthetized with an intraperitoneal injection of pentobarbital sodium (100 mg/kg). The sciatic
nerves of both hindlimbs were exposed, and subminiature electrodes were attached to the
nerves. Hindlimb muscles on one side were electrically stimulated to contract for 10 min with
train rate 1/s, train duration 500 ms, rate 100 pulses/s, duration 0.1 ms, and 1-3 V, whereas the
contra lateral side remained unstimulated and served as a sham-treated control.

Immunoblotting and AMPK activity assay
After the experimental protocols, L6 cells or skeletal muscles were homogenized using a
Polytron (Brinkmann Instrument) in ice-cold lysis buffer containing 20mM Tris-HCl (pH 7.4),
1 % Triton X-100, 50 mM NaCl, 250 mM sucrose, 50 mM NaF, 5 mM sodium pyrophosphate,
2 mM DTT, 4 mg/L leupeptin, 50 mg/L trypsin inhibitor, 0.1 mM benzamidine and 0.5 mM
PMSF. The homogenates were centrifuged at 14,000 g for 20 min at 4° C. Total protein
concentrations were determined in the supernatant using the Bradford method (Bio-Rad).
Immunoblotting was done using standard procedures as previously described (23). AMPK
activity was measured as previously described (19). Briefly, muscle or cell lysates (100 μg)
were immunoprecipitated with specific antibodies against the α1, α2, or both catalytic subunits
and protein A beads. The kinase reaction was carried out in 40 mM HEPES, pH 7.0, 0.1 mM
synthetic SAMS peptide, 0.2 mM AMP, 80 mM NaCl, 0.8 mM dithiothreitol, 5 mM MgCl2,
and 0.2 mM ATP (2 μCi of [γ-32P]ATP ) for 20 min at 30C. Reaction products were spotted
on Whatman P81 filter paper, the papers were extensively washed in 1% phosphoric acid, and
radioactivity was assessed with a scintillation counter. AMPK kinase activity was expressed
as the incorporation of [γ-32P]ATP (pmol) per immunoprecipitated protein (mg) per min
incubation as previously described (24).
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RESULTS
Effects of AICAR on AMPK and p38 MAPK phosphorylation in L6 cells and rat muscle

Since previous reports have suggested that p38 MAPK is downstream of AMPK, we reasoned
that stimulation of AMPK should result in increases in p38 MAPK phosphorylation in skeletal
muscle cells and tissue. We first used L6 myoblasts and myotubes and the AMPK activator
AICAR. Cells were treated with AICAR, and AMPK phosphorylation on Thr172 and p38
MAPK phosphorylation on Thr180/Tyr182 were determined by immunoblotting. As shown in
Figure 1A and B, AICAR significantly increased AMPK phosphorylation in myoblasts and
myotubes. However, there was not a corresponding increase in p38 MAPK phosphorylation
in both cell types (Fig. 1A and B). DNP, an uncoupler of mitochondrial electron transport and
ATP synthase was used as a positive control (25;26) and was shown to phosphorylate p38
MAPK in the muscle cells (data not shown).

We next determined the effects of AICAR in isolated rat EDL muscles in vitro. Consistent with
the results in L6 cells, p38 MAPK phosphorylation did not change with AICAR treatment,
despite a significant increase in AMPK phosphorylation (Fig. 2A and B). We also determined
if in vivo AICAR treatment increases p38 MAPK phosphorylation concomitant with AMPK
phosphorylation in vivo in mice. Although an intraperitoneal injection of AICAR (1 mg/g body
wt) significantly increased AMPK phosphorylation in gastrocnemius muscles at 15, 30, and
45 min, p38 MAPK phosphorylation was not observed at any time point in the mice (Fig. 2C).
Total protein expression AMPK and p38 MAPK was determined by immunoblotting and did
not change with any treatment (data not shown). The dissociation of AMPK and p38 MAPK
phosphorylation in response to AICAR stimulation in these three models suggest that p38
MAPK is not downstream of AMPK in skeletal muscle.

Dissociation of AMPK activity and p38 MAPK phosphorylation in skeletal muscle expressing
an activating AMPK mutant

The R70Q mutation in one of the cystathionine β-synthase domains of the γ1 subunit of AMPK
causes a marked increase in AMPK activity (27). More recently, we have shown that mice
expressing the AMPKγ1 R70Q mutation in muscle have significantly higher AMPK activity
in multiple skeletal muscles (22). We therefore tested the hypothesis that this model of
increased AMPK activity would result in increased p38 MAPK phosphorylation. Here we show
that γ1R70Q TG mice had an ∼ 2 fold increase in AMPK activity in the basal state (Fig. 3A),
and that the phosphorylation of ACC, an established AMPK downstream substrate, was also
increased by > 3 fold (Fig. 3B). Despite elevated AMPK activity and ACC phosphorylation,
basal phosphorylation levels of p38 MAPK were not significantly different between wild type
and γ1R70Q TG mice (Fig. 3C). As we have described previously, in the γ1R70Q mice,
contraction did not further increase AMPK activity (22). Interestingly, contraction increased
p38 MAPK phosphorylation in wild type mice, and this effect was significantly blunted in the
γ1R70Q TG mice. Phosphorylation of MKK3/6, an upstream kinase of p38 MAPK, was also
unaffected in the basal state and diminished in γ1R70Q TG mice in response to contraction
(Fig. 3D). Thus, despite elevated AMPK activity, there was a significant decrease in
contraction-stimulated p38 MAPK phosphorylation.

Ablation of AMPK α2 activity does not inhibit contraction-induced p38 MAPK
phosphorylation in mouse skeletal muscle

To directly determine if p38 MAPK is involved in downstream AMPK signaling in skeletal
muscle, we used our AMPKα2i TG mice that have ablated AMPKα2 activity (21). These
experiments were done in the basal state and in response muscle contraction, a physiological
stimulus known to activate both AMPK and p38 MAPK. Muscle contraction in situ was
produced by electrical stimulation of the sciatic nerve. Muscle contraction significantly
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increased AMPKα2 activity in the wild type mice, but both basal and contraction-stimulated
muscles had near undetectable AMPK activity in AMPKα2i TG mice (Fig. 4A). AMPKα1
activity was not increased with in situ contraction even in wild type mice (Fig. 4B), consistent
with work from our group and others using this type of contraction protocol (21;28;29). Despite
ablated AMPKα2 activity, p38 MAPK phosphorylation was normally increased by contraction
in gastrocnemius muscles of AMPKα2i TG mice compared to wild type mice (Fig. 4C and D).
Furthermore, ATF2, a downstream substrate of p38 MAPK was also similarly increased in
wild type and AMPKα2i TG mice. There was no change in protein levels of p38 MAPK in the
transgenic mice (data not shown). These results strongly suggest that AMPKα2 is not an
essential upstream kinase for the regulation of p38 MAPK activity in contracting muscles.

DISCUSSION
p38 MAPK has been proposed to be a downstream mediator of AMPK signaling in several
different cell types and tissues (16;26;30-35). Much of this work has been in the heart (30;
31) and primary cultured cardiomyocytes (26;32;33). In primary cultures of rat
cardiomyocytes, DNP, an uncoupler of oxidative phosphorylation, increased AMPK and p38
MAPK phosphorylation coincident with an increase in glucose transport (26). Adenine 9-beta-
D arabinofuranoside, a non-specific AMPK inhibitor, and adenoviral infection with a
dominant-negative AMPK abolished DNP-mediated p38 MAPK phosphorylation and partially
decreased DNP-stimulated glucose uptake (26). Studies in rat neonatal cardiomyocytes have
shown that multiple stimuli that activate AMPK (simulated ischemia, AICAR, metformin) also
increase p38 MAPK phosphorylation. Although it was concluded that p38 MAPK is
downstream of AMPK, it was not determined if AMPK inhibition blocked p38 MAPK
phosphorylation (32). Perhaps the most convincing evidence for AMPK mediation of p38
MAPK signaling in the heart comes from a study where AICAR increased p38 phosphorylation,
and hearts deficient in AMPKα2 activity had significantly reduced p38 MAPK activation in
response to low-flow ischemia (30). In contrast to AMPK mediating p38 phosphorylation, it
was recently reported that adenosine-stimulated phosphorylation of AMPK was attenuated by
the p38 MAPK inhibitors SB202190 and SB203580 in the perfused rat heart (30). These results
suggest that AMPK can be downstream of p38 MAPK in mediating the effects of adenosine
in the heart (31), as opposed to other reports were p38 MAPK was proposed to be downstream
of AMPK.

In C2C12 myotubes, AICAR has been shown to increase p38 MAPK phosphorylation, with
maximal responses observed with 6-24 hours of AICAR treatment (36). In adult skeletal
muscle, AICAR treatment in vivo and in incubated muscles resulted in increased p38 MAPK
α and β activities. These findings are in direct contrast with our study, where we used several
different models of AMPK activation and inhibition and show no relationship between AMPK
and p38 MAPK. Using the AMPKα2i TG mouse, a model of ablated AMPKα2 activity (21),
we showed no decrease in p38 MAPK phosphorylation in the basal state or in response to
muscle contraction. Although we can not completely rule out the possibility that the remaining
AMPKα1 activity is responsible for p38 MAPK phosphorylation, it is unlikely since the
contraction model we used does not increase AMPKα1 activity [Fig. 4A and (21;28;29)]. This
result demonstrates that AMPKα2 is not essential for p38 MAPK activation in contracting
skeletal muscle. Furthermore, we found that activation of AMPK using AICAR or a transgenic
model of chronic AMPK activation did not increase p38 MAPK phosphorylation. In fact,
contraction-stimulated p38 MAPK phosphorylation is actually decreased in the γ1R70Q
transgenic mice, despite high levels of AMPK activity. Taken together, our findings clearly
demonstrate a disconnect between AMPK and p38 MAPK signaling.

Dissociation of signaling between AMPK and p38 MAPK has also been reported by other
groups. In rat epididymal fat cells, isoproterenol, a β-adrenergic agonist, similarly increased
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p38 MAPK and AMPK activities (37). However, since activation of AMPK with AICAR did
not change p38 MAPK activity in the cells, it was concluded that the activation of p38 MAPK
is not a direct result of AMPK activation. Studies in Chinese hamster ovary (CHO) cells found
that hyperosmotic stress induced by sorbitol increased both AMPK and p38 MAPK activities
(38). Nevertheless, this group concluded AMPK was not involved in p38 MAPK activation,
since treatment of CHO cells with AICAR did not increase the effect on p38 MAPK activation,
although a clear increase in AMPK phosphorylation was observed. Expression of a dominant-
negative AMPK did not affect p38 MAPK activation in sorbitol-treated cells, further
supporting the conclusion that AMPK is not involved in the activation of p38 MAPK by
hyperosmotic stress. Thus, AMPK regulation of p38 MAPK signaling does not exist in all
tissue and cell types.

In summary, activation of AMPK by AICAR in L6 myoblasts and myotubes and in rat EDL
muscles did not increase p38 MAPK phosphorylation. There was also a clear dissociation of
AMPK activity and p38 MAPK-related signaling in muscles from transgenic mice expressing
an inactive-form of AMPKα2 catalytic subunit or an activating mutation in the AMPKγ1
subunit. We conclude that AMPK is not an essential upstream regulator of p38 MAPK signaling
in skeletal muscle.
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Figure 1. Activation of AMPK by AICAR is not associated with an increase in p38 MAPK
phosphorylation in L6 cells
L6 myoblasts (A) or myotubes (B) were treated with 2 mM AICAR for 10 min. Phosphorylation
of AMPK and p38 MAPK were determined by immunoblotting using phospho-specific
antibodies. Data are the means ± SEM of three independent experiments and each data point
was assayed in duplicate.
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Figure 2. Activation of AMPK by AICAR is not associated with an increase in p38 MAPK
phosphorylation in skeletal muscle
Rat EDL muscles were isolated and preincubated in KRB buffer for 20 min. The muscles were
then incubated with 2 mM AICAR for 40 min. Phosphorylation of AMPK (A) and p38 MAPK
(B) were determined by immunoblotting using phospho-specific antibodies. Data are the means
± SEM. n = 4/group. (C); Mice were injected intraperitoneal with AICAR (1mg/g).
Gastrocnemius muscles were harvested at each time point indicated. Phosphorylation of
AMPK and p38 MAPK were determined by immunoblotting using phosphospecific antibodies.
Representative images are shown.
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Figure 3. p38 MAPK phosphorylation in γ1R70Q TG mice
Wild type and γ1R70Q TG mice were anesthetized, and the sciatic nerves were attached to
electrodes. One leg was electrically stimulated for 10 min to induce muscle contractions, and
the other leg served as sham control. Gastrocnemius muscles were dissected. In vitro kinase
assay was done to determine total AMPK activity after immunoprecipitation with an antibody
that recognizes both α1 and α2 AMPK isoforms (A). The same protein samples used for the
kinase assays were used for immunoblotting of phospho-ACC (B), phospho-p38 MAPK (C),
and phospho-MKK3/6 (D). Data are the means ± SEM. n = 6/group.
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Figure 4. Muscle contraction-induced p38 MAPK phosphorylation in AMPK activity in α2i TG
mice
Wild type and α2i TG mice were anesthetized, and sciatic nerves were exposed. One leg was
electrically stimulated for 10 min to induce muscle contractions, and the other leg served as
sham control. Gastrocnemius muscles were dissected. In vitro kinase assay was done to
determine AMPKα1 (A) and α2 (B) activities after immunoprecipitation with their specific
antibodies as described in Material and Methods. The same protein samples used for the kinase
assays were used for immunoblotting of phospho-p38 MAPK (C) and phospho-ATF2 (D).
Data are the means ± SEM. n = 5-9/group.
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