
The �2–5�AMP-Activated Protein Kinase Is a Site 2
Glycogen Synthase Kinase in Skeletal Muscle and Is
Responsive to Glucose Loading
Sebastian B. Jørgensen,

1
Jakob N. Nielsen,

1
Jesper B. Birk,

1
Grith Skytte Olsen,

3
Benoit Viollet,

4

Fabrizio Andreelli,
4

Peter Schjerling,
2

Sophie Vaulont,
4

D. Grahame Hardie,
5

Bo F. Hansen,
3

Erik A. Richter,
1

and Jørgen F.P. Wojtaszewski
1

The 5�AMP-activated protein kinase (AMPK) is a poten-

tial antidiabetic drug target. Here we show that the

pharmacological activation of AMPK by 5-aminoimida-

zole-1-�-4-carboxamide ribofuranoside (AICAR) leads

to inactivation of glycogen synthase (GS) and phosphor-

ylation of GS at Ser 7 (site 2). In muscle of mice with

targeted deletion of the �2-AMPK gene, phosphoryla-

tion of GS site 2 was decreased under basal conditions

and unchanged by AICAR treatment. In contrast, in

�1-AMPK knockout mice, the response to AICAR was

normal. Fuel surplus (glucose loading) decreased AMPK

activation by AICAR, but the phosphorylation of the

downstream targets acetyl-CoA carboxylase-� and GS

was normal. Fractionation studies suggest that this

suppression of AMPK activation was not a direct conse-

quence of AMPK association with membranes or glyco-

gen, because AMPK was phosphorylated to a greater

extent in response to AICAR in the membrane/glycogen

fraction than in the cytosolic fraction. Thus, the down-

stream action of AMPK in response to AICAR was

unaffected by glucose loading, whereas the action of the

kinase upstream of AMPK, as judged by AMPK phos-

phorylation, was decreased. The fact that �2-AMPK is a

GS kinase that inactivates GS while simultaneously

activating glucose transport suggests that a balanced

view on the suitability for AMPK as an antidiabetic drug

target should be taken. Diabetes 53:3074–3081, 2004

T
he 5�AMP-activated protein kinase (AMPK) sys-
tem is a sensor of cellular energy status that
adjusts the supply of ATP to the demand for the
nucleotide (1). Activation of �2-AMPK stimu-

lates muscle glucose transport (2,3). Once glucose has
been taken up and converted to glucose-6-phosphate
(G6P), it can be stored as glycogen or metabolized by
glycolysis to generate ATP. It has been reported that
AMPK phosphorylates muscle glycogen synthase (GS) in
cell-free assays at site 2 (Ser 7) (4). Thus, AMPK activation
may under some conditions decrease the potential for
glycogen synthesis. Recently, we and others showed that
GS activity decreases in response to acute 5-aminoimida-
zole-1-�-4-carboxamide ribofuranoside (AICAR) treatment
of muscle-like cells in culture (5), isolated and perfused
skeletal muscle (6–8), and fast twitch, but not slow twitch,
muscle in vivo (7). AICAR treatment leads to decreased gel
mobility of GS in perfused muscle, which together with the
decreased activity, is reversed by protein phosphatase
treatment (6). These observations indicate that regulation
of GS activity by AICAR involves phosphorylation of GS.
Although it has been suggested that AICAR-induced GS
deactivation is mediated by AMPK due to the negative
correlation between �2-AMPK and GS activity (6), these data
do not prove a causal relation. Thus, by studying muscle from
�-AMPK knockout (KO) mice in the present study, we aimed
to verify that AMPK is a muscle GS kinase in vivo.

AMPK activity decreases when muscle is exposed to
fuel surplus. For example, glucose loading and glycogen
accumulation suppress muscle AMPK phosphorylation/
activation at basal conditions and during stimulation by
AICAR or exercise (6,9–12). Although AMPK binds to
glycogen through the glycogen-binding domain of the
regulatory � subunit (13,14), the activity of purified rat
liver AMPK was not changed by the addition of glycogen in
cell-free assays (14). To further study the effect of fuel
surplus on AMPK signaling, we also evaluated the influ-
ence of in vivo fuel surplus�induced suppression of
AMPK activity on downstream targets such as acetyl-CoA
carboxylase (ACC)-� and GS in rat skeletal muscle.

RESEARCH DESIGN AND METHODS

All experiments were approved by the Danish Animal Experimental Inspec-
torate and complied with the “European Convention for the Protection of
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Vertebrate Animals Used for Experiments and Other Scientific Purposes”
(Council of Europe, no. 123, Strasbourg, France, 1985).

Male Wistar rats (110–120 g; Taconic, Ry, Denmark), male and female
�1-AMPK KO and wild type (WT) mice (age 4 months), and male �2-AMPK KO
and WT mice were studied (2,15). Within each mouse strain, KO and WT mice
used for experiments were littermates produced by intercross breading using
heterozygote parent animals. The genotype of the offspring was determined by
PCR on DNA extracted from tail biopsy (2).

The animals were maintained on a 12-h light/dark cycle and received
standard rodent diet (Altromin no. 1324; Chr. Pedersen, Ringsted, Denmark)
and water ad libitum.
Studies of isolated and incubated mouse muscle in vitro. Extensor
digitorum longus (EDL; mainly IIa fibers) was obtained from anesthetized
mice (6 mg pentobarbital/100 g body wt) and suspended by ligatures at resting
tension (4–5 mN) in incubation chambers (Multimyograph system; Danish
Myo-Technology, Aarhus, Denmark) in a Krebs-Henseleit buffer (30°C) con-
taining 0.1% BSA, as previously described (2). AICAR (2 mmol/l, 40 min;
Toronto Research Chemicals, Toronto, Canada) was added after 10 min of
basal incubation. After being incubated, muscles were washed in ice-cold
Krebs-Henseleit buffer, blotted on filter paper, and quickly frozen with
aluminum tongs precooled in liquid nitrogen and stored at �80°C.
Studies of AICAR and glycogen using the perfused rat hindlimb

model. Rats were subjected to 2 h of swimming in water maintained at
32–35°C, with weights attached to their tails (5.5% of body wt). In the 24 h
preceding the swimming exercise, the rats’ diet availability was restricted to
4 g (�45% of normal intake). After the exercise, the rats were fed lard and tap
water ad libitum (low glycogen [LG] diet) or normal rat diet, tap water, and a
20% glucose drinking solution (high glycogen [HG] diet), until 3–6 h before
perfusion. Rats were perfused 18–24 h after the swimming exercise.
Surgical procedure. On the day of the experiment, rats were anesthetized
by an intraperitoneal injection of pentobarbital sodium (4–5 mg/100 g body
wt). Surgery for two-legged perfusion was performed as described by Ruder-
man et al. (16).
Perfusion procedure. All perfusions were carried out with cell-free medium
consisting of Krebs-Ringer bicarbonate buffer solution, 4% BSA, 0.15 mmol/l
pyruvate, and 4.2 IU/ml heparin. The medium was continuously gassed with
95% O2 and 5% CO2. When AICAR was included, it was present in the perfusate
at a concentration of 2 mmol/l.

The 15-min preperfusion period was followed by perfusion with or without
2 mmol/l AICAR for 35 min. All perfusions were carried out with a nonrecycled
perfusate flow using a flow rate of 0.5 ml � min�1 � g muscle�1. Muscle biopsies
were taken from two different parts of the gastrocnemius muscle, the
superficial white (WG) and the profound red (RG) parts, while the muscles
were still being perfused. The biopsies were trimmed of connective tissue,
blotted, freeze clamped with aluminum clamps cooled in liquid nitrogen, and
stored at –80°C.
Muscle analyses

Glycogen. Muscle glycogen content was determined as glycosyl units after
acid hydrolysis (17).
SDS-PAGE and Western blotting. Muscle lysates were prepared and
subjected to SDS-PAGE as previously described (2,6). The following primary
antibodies were used: antibodies recognizing GS when nonphosphorylated
(Chemicon, Temecula, CA) or when phosphorylated on site 2 alone (Ser 7),
site 2 � 2a (Ser 7 � 10), or site 3a � 3b (Ser 640 � 644), as previously
described (18). Anti��1-AMPK and ��2-AMPK antibodies have been de-
scribed previously (19). The anti�pan �-AMPK and anti–phospho-specific
ACC-� (Ser 218 rat/Ser 221 mouse) antibodies were obtained from Upstate
Biotechnology (Lake Placid, NY). The anti–phospho-specific �-AMPK subunits
(Thr 172) were obtained from Cell Signaling Technology (Beverly, MA).
Stoichiometry of site-specific protein phosphorylation using phospho-

specific antibodies. We estimated the stoichiometry of the site-specific
phosphorylation of GS as previously described (20). We estimated the total
amount of GS by immunoblot in samples of muscle lysate and immunopre-
cipitates using the phospho-specific antibody. By comparing these two signals,
an indication of the phosphorylation stoichiometry can be obtained, but only
if the immunoprecipitation of the phosphorylated form of GS is 100% efficient.
Thus, the immunoprecipitation efficiency was determined by immunoblot of
muscle lysate and immunoprecipitates using the same phospho-specific GS
antibody for immunoblot as was used for immunoprecipitation. These analy-
ses were performed for the site 2 and site 2 � 2a GS phospho-specific
antibodies using nonstimulated rat muscle. Immunoprecipitation was per-
formed by binding the antibody to Sepharose G beads (Amersham Pharmacia,
Bucks, U.K.) for 2 h. Before adding the muscle lysate, nonbound antibodies
were removed by washing in lysate buffer. After an overnight incubation,
immunoprecipitates were washed five times in lysate buffer before being
subjected to SDS-PAGE.

Glycogen synthase activity. Muscle GS activity was measured in muscle
lysates using a microtiter plate assay (Unifilter 350 plates; Whatman, Cam-
bridge, U.K.). The assay ran in triplicates based on the original protocol
described by Thomas et al. (21). GS activity was determined in the presence
of 8 or 0.02 mmol/l G6P.
Subfractionation procedure. Muscles were homogenized (1:20, wt:vol) in
buffer A (50 mmol/l HEPES [pH 7.5], 150 mmol/l NaCl, 20 mmol/l Na-
pyrophosphate, 20 mmol/l �-glycerophosphatea, 10 mmol/l NaF, 2 mmol/l
Na-orthovanadate, 2 mmol/l EDTA, 10% glycerol, 2 mmol/l phenylmethylsul-
fonyl fluoride, 1 mmol/l MgCl2, 1 mmol/l CaCl2, 10 �g/ml leupeptin, 10 �g/ml
aprotinin, and 3 mmol/l benzamidine) for 20 s using a homogenizer (PT 3100;
Brinkmann, Westbury, NY). Homogenates were rotated end over end for 20
min at 4°C and cleared by centrifugation (1,000g for 1 min). The supernatant
was separated into a cytosolic fraction and a membrane-glycogen�enriched
pellet by centrifugation at 200,000g for 30 min at 4°C. The pellet was
resuspended in buffer A containing 1% Nonidet P-40. The protein content in
the two fractions was measured by the bicinchoninic acid method (Pierce
Chemical, Rockford, IL).
Calculations and statistics. Control samples were analyzed at the same
time as all activity assays, and assay-to-assay variation was accounted for by
expressing the data relative to these samples. All Western blot analyses were
performed within the linearity of the assay determined for each individual
protein/antibody. Data are expressed as means � SE. Statistical evaluation
was performed by two-way ANOVA. When ANOVA revealed significant
differences, a post hoc test was used to correct for multiple comparisons
(Tukey’s test). Differences between groups were considered statistically
significant at P 	 0.05.

RESULTS

Treatment with AICAR decreases GS activity in

mouse muscle. In incubated EDL muscle from WT mice,
AICAR treatment lowered GS activity by 18–27% (Fig. 1A

and D). This effect was maintained in the absence of
�1-AMPK protein (Fig. 1A), but not in the absence of
�2-AMPK protein (Fig. 1D). A significant elevation of GS
activity was seen in nonstimulated muscles from the
�2-AMPK KO EDL muscle compared with WT muscle (Fig.
1D). Muscle from WT and KO animals had similar total GS
protein and total GS activity, which were not affected by
AICAR treatment (Fig. 1).
AICAR treatment increases GS phosphorylation on

site 2 in mouse muscle. GS site 2 phosphorylation was
increased by AICAR treatment in WT mice (Fig. 1B). This
effect was preserved in the absence of �1-AMPK protein
(Fig. 1B) but was not apparent in muscle lacking the
�2-AMPK protein (Fig. 1E). Also, the level of site 2
phosphorylation was decreased in nonstimulated muscle
from the �2-KO mouse in line with the increased basal GS
activity (Fig. 1E). There was no difference in phosphory-
lation on site 3a � 3b between WT and �1- or �2-KO
muscle, and the phosphorylation was not affected by
AICAR treatment (Fig. 1C and F). We have previously
reported on an analysis of AMPK activity and phosphory-
lation in WT and KO muscle in response to AICAR
treatment (2). Of interest for the present study are our
findings that 1) the knockout of one �-AMPK isoform
eliminates any AMPK activity for that particular �-AMPK
isoform but maintains the remaining �-isoform AMPK
activity in both basal and AICAR-induced conditions; 2)
knockout of �2-AMPK reduces total �-AMPK phosphory-
lated on Thr 172 in basal conditions (to �10% of WT) and
during AICAR treatment (to �5% of WT), whereas the lack
of �1-AMPK does not change the total �-AMPK phosphor-
ylation; and 3) the lack of �2-AMPK, but not �1-AMPK,
decreases ACC Ser 221 phosphorylation in basal condi-
tions (�33% of WT) and in response to AICAR (�19% of
WT). The combined data from our current and previous
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study strongly indicate that the �2-AMPK isoform is a GS
site 2 kinase phosphorylating GS in response to AICAR.
Preexercise/diet treatment modulates muscle glyco-

gen content in rats. The preexercise/diet treatment
resulted in levels of muscle glycogen three- to fourfold
higher in the HG compared with the LG group (P 	 0.001).
Further, glycogen was not affected by AICAR (in mmol/kg
wet wt for WG and RG: LG basal 24.9 � 1.6 and 18.5 � 2.7,
n 
 8; HG basal 82.7 � 7.0 and 80.0 � 9.0, n 
 8; LG AICAR
27.4 � 2.2 and 24.2 � 1.6, n 
 8; HG AICAR 78.3 � 6.1 and
61.8 � 4.1, respectively, n 
 7).
Glucose loading and AICAR decrease GS activity and

induce GS phosphorylation in rat muscle. GS activity
was decreased by glucose loading in the basal state and in
the presence of AICAR (Fig. 2A). In addition, AICAR
treatment decreased GS activity significantly (�40–60%).
Possibly because of the very low GS activity in the HG

group of WG, no significant decrease was seen in response
to AICAR in this muscle. Glycogen and AICAR did not
affect total GS activity in either of the two types of muscle
(Fig. 2). Similar to what was observed in the mouse EDL
muscle, AICAR treatment of both RG and WG rat muscle
induced phosphorylation of site 2 and site 2 � 2a, but not
site 3a � 3b (Fig. 2B�D). This response to AICAR was
independent of the prevailing muscle glycogen content. It
was interesting that glucose loading per se led to increased
phosphorylation of site 2 and site 2 � 2a, whereas site 3a
� 3b was unaffected.
AICAR induces phosphorylation of AMPK and ACC.

�-AMPK Thr 172 phosphorylation was decreased by glu-
cose loading (Fig. 2E), as was the ability of AICAR to
induce this phosphorylation. This effect was also observed
for �2-AMPK activity (6) measured in vitro. Thus, the data
confirmed the notion that �2-AMPK contributes to the

FIG. 1. GS 0.02/8.0 activity ratio (A and D) and GS phosphorylation (pGS) on site 2 (Ser 7; B and E), and site 3a � 3b (Ser 640 � 644; C and F)
is measured in EDL muscle lysates from �1 or �2 KO mice. Muscles were incubated in vitro with or without AICAR. General differences between
data obtained in �2 KO and WT are indicated by lines and P values. Data represent means � SE, n � 6–8. Total GS activity or GS protein was
not affected by AICAR and was not different between WT or KO animals. (Total GS activity for �1 and �2 strains, respectively: 29 � 2 vs. 18 �
2 nmol � min�1 � mg protein�1; GS protein for �1 and �2 strains, respectively: 44 � 7 vs. 36 � 6 AUs). *P < 0.05, **P < 0.01, ***P < 0.001 for
nontreated (B) vs. AICAR-treated muscles. IB, immunoblot.
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majority of AMPK activity in rodent skeletal muscle during
AICAR treatment. The degree of ACC-� Ser 218 phosphor-
ylation was increased by AICAR treatment, but nonstimu-
lated and AICAR-stimulated phosphorylation was
unaffected by muscle glycogen content (Fig. 2F).
Stoichiometry of site 2 and 2a GS phosphorylation.

Under the conditions used, the efficiency of the pGS site 2
and 2 � 2a antibodies for immunoprecipitation were close
to 100% for both antibodies (Fig. 3). We estimated the
amount of total GS in the phosphorylated GS immunopre-
cipitates and compared that with the total GS in lysates.

When corrected for the immunoprecipitation efficiency in
the individual experiments, this value served as an esti-
mate of the phosphorylation stoichiometry and was �31 �
5% for GS site 2 and only 1 � 0.2% for site 2 � 2a. These
measures were performed in perfused, nonstimulated rat
WG muscle with normal glycogen content.
AMPK in the cytosolic and membrane-glycogen frac-

tions. The membrane-glycogen fraction contained
�-AMPK protein corresponding to only 4 � 5% of that in
the cytosolic fraction (n 
 6; P 	 0.001) (Fig. 4A); this
pattern was not significantly changed by AICAR treatment.

FIG. 2. GS 0.02/8.0 activity ratio (A); GS phosphorylation (pGS) on site 2 (Ser 7; B), site 2 � 2a (Ser 7 � 10; C), and site 3a � 3b (Ser 640 � 644;
D), �-AMPK Thr 172 phosphorylation (pAMK; E); and ACC-� phosphorylation (pACC) on Ser 218 (F) measured in lysates from rat white
gastrocnemius (WG) and red gastrocnemius (RG) muscle. General differences between data obtained in muscle high glycogen (HG) compared
with low glycogen (LG) content are indicated by lines and P value. Data represent means � SE, n � 7–8. Total GS activity was not affected by
AICAR or glycogen (average 18 � 1 and 32 � 2 nmol � min�1 � mg protein�1 in WG and RG respectively. *P < 0.05, **P < 0.01, ***P < 0.001 for
nontreated (B) vs. AICAR-treated muscles. IB, immunoblot.
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Overall, the distribution pattern of Thr 172�phosphory-
lated �-AMPK (Fig. 4B) reflected the �-AMPK distribution,
and the Thr 172�phosphorylated �-AMPK was increased
by AICAR in both fractions (2.6-fold in the cytosolic
fraction [n 
 6, P 
 0.004] and 2.4-fold in the membrane-
glycogen fraction [n 
 6, P 
 0.06]). When the Thr
172�phosphorylated �-AMPK was expressed relative to
the content of �-AMPK in each individual sample, the
�-AMPK in the membrane-glycogen fraction was phos-
phorylated to a higher extent than in the cytosolic fraction
(Fig. 4C). (In the basal condition, this was observed in five
of the six preparations [P 
 0.2], whereas it was observed

in all preparations from AICAR-treated muscles [P 	
0.001, n 
 6].)

DISCUSSION

The present data provide evidence that AMPK is a GS
kinase in skeletal muscle, phosphorylating site 2 in re-
sponse to AICAR stimulation and leading to inactivation of
GS. Using the �-AMPK isoform�specific KO mouse, we
showed that the effect of AICAR is dependent on the �2,
and not the �1, isoform of AMPK. Also, whereas phosphor-
ylation and activation of total AMPK in response to AICAR
was decreased by glucose loading, the phosphorylation of
the downstream targets (ACC-� Ser 218 and GS site 2) was
normal.

We found that �33% of GS was phosphorylated on site
2 in nonstimulated rat muscle with normal glycogen
content. Although this is an approximate estimate, our
data imply that a substantial fraction of GS becomes
phosphorylated on site 2 in response to AICAR. In con-
trast, the amount of GS phosphorylated on both sites 2 and
2a appears to be a very small proportion of the total
enzyme, even after AICAR treatment. This observation
was surprising, because it has been thought that casein
kinase (CK) 1 is constitutively active and catalyzes site 2a
phosphorylation as soon as site 2 has been phosphorylated
(22). The phosphorylation of GS sites 3a � 3b was not
altered in response to AICAR. Because these sites are
believed to be involved in a hierarchical phosphorylation
starting with a CK-2�induced priming phosphorylation on
site 5, followed by phosphorylation on sites 4, 3c, 3b, and
3a by glycogen synthase kinase (GSK)-3, our data likely
indicate that phosphorylation on sites 3c, 4, and 5 is also
not changed. Sites 2, 2a, and 3 are believed to be the main
regulatory sites determining GS activity. Because only
sites 2 and 2a are phosphorylated in response to AICAR,
and full GS activity after AICAR treatment is restored by
protein phosphatase treatment (6), then either site 2 is the
determinant for AICAR-induced GS inactivation or other
sites (e.g., GS site 1a, 1b, or other as-yet undefined sites)

FIG. 3. Estimation of the phosphorylation stoichiometry based on
Western blot analysis. Samples of the pre- and post-immunoprecipita-
tion extract as well as the immunoprecipitate (IP) itself was loaded on
gels and immunoblotted using an antibody recognizing the nonphos-
phorylated form of GS (A and B, top) or an antibody recognizing the
phosphorylated form of GS (pGS; A and B, bottom). Two phospho-
specific GS antibodies were used: pGS site 2 (A) and pGS site 2 � 2a
(B). Based on 3–6 independent experiments (n � 2 or 3), it was
estimated that 31 � 5% of total GS is phosphorylated on site 2 and that
only 1 � 0.2% of total GS is phosphorylated on site 2 � 2a in
nonstimulated, perfused rat white gastrocnemius muscle. IB, immuno-
blot.

FIG. 4. Western blot analyses of pan � AMPK (A), Thr 172 phosphorylated �AMPK (pAMPK [Thr 172]; B), and the ratio between pAMPK(Thr 172)
and pan-� AMPK (C). After perfusion (without or with AICAR) of rats with normal muscle glycogen content, white gastrocnemius muscles were
fractionated into a membrane-glycogen (Memb/gly) and a cytosolic (Cyto) fraction. Data represent means � SE, n � 6. ***P < 0.001 for cytosolic
vs. membrane-glycogen fraction. Differences between nontreated and AICAR-stimulated values for pAMPK (Thr172): ††P < 0.01 for cytosolic
fraction, †P � 0.06 for membrane-glycogen fraction; differences between nontreated and AICAR-stimulated values for pAMPK (Thr172)/pan
�AMPK: NS for cytosolic fraction, †††P < 0.001 for membrane-glycogen fraction.
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are major regulators of GS activity. Taken together with
the data showing that site 2 on GS is an AMPK target in
vitro (4), the present data convincingly show that GS is
also an AMPK target in vivo. However, it remains possible
that in vivo AMPK action on GS is indirectly regulated
through action of other GS phosphatases or kinases.

The indication of an important role of site 2 (and to a
lesser extent site 2a) in regulating GS activity in intact
muscle tissue contrasts with observations made using
overexpression of mutated GS in COS cells (23), where
site-specific Ser-Ala mutations in site 2 and/or site 2a led to
only a minor increase in GS activity (23). Of note is the
observation that GS overexpressed in COS cells displayed
activity in the absence of the glycogen core protein,
glycogenin, whereas GS from tissues seems to be in a 1:1
association with this protein (24). Whether this difference
influences the regulation of GS activity by phosphorylation
at these sites remains to be evaluated.

Confocal microscopy analysis on rat soleus and tibialis
anterior muscles using the same �1- and �2-AMPK anti-
bodies as in the present study revealed a clear dotted
pattern of both isoforms inside the fibers (C. Prats, T.
Ploug, J.F.P.W., unpublished observations). We have not
yet extended these analyses to cells other than the myo-
cytes within the muscle tissue, but the presence of �1-
AMPK inside the myocytes excludes the trivial explanation
for the lack of an �1-AMPK KO GS phenotype being due to
the lack of �1-AMPK expression.

AMPK is a promising antidiabetic drug target (25);
however, the possibility that decreased GS activity may
influence glycogen synthesis in vivo needs to be consid-
ered. In fact, AICAR treatment leads to a normalization of
muscle glycogen synthesis in insulin-resistant muscle (26).
A likely mechanism for this phenomenon is that AICAR, in
addition to phosphorylating GS, also activates glucose
transport (2), in turn increasing cellular levels of G6P (7),
which may overrule inhibitory phosphorylation of GS by
allosteric activation. Both activation of glucose transport
and induction of GS phosphorylation by AICAR appear to
be dependent on the �2-AMPK isoform, but the contribu-
tions of the different isoforms of the regulatory subunits of
AMPK (�/�) have not yet been fully elucidated (27,28). If
different �2-AMPK heterotrimeric complexes regulate glu-
cose transport and GS phosphorylation, new pharmaco-
logical drugs might be developed to target only glucose
transport, thus circumventing possibly inappropriate ef-
fects on GS activity.

The present findings are likely to have physiological
significance with regard to exercise, given that exercise is
a powerful activator of AMPK in skeletal muscle (29,30).
AMPK is a regulator of energy flux, and thus from a
teleological point of view, it seems reasonable that activa-
tion during exercise inhibits the energy-consuming glyco-
genesis by increasing the phosphorylation of GS. However,
the regulation of GS in response to exercise depends on
both exercise duration and intensity and involves local and
humoral factors (31). Our own unpublished observations
in rat indicate that GS activity decreases initially during
muscle contraction (first 3–5 min), concurrently with
elevated site 2 phosphorylation. However, during contin-
ued contractile activity, GS activity then increases despite
a continued elevated site 2 phosphorylation. In agreement

with this observation, 10 min of contractile activity in-
creased GS activity similarly in control muscle and muscle
from the AMPK dead mouse (32) and from the two KO
models used in the present study (S.B.J., J.N.N., J.B.B.,
G.S.O., D.G.H., B.F.H., E.A.R., J.F.P.W., unpublished obser-
vations). During exercise in humans, site 2 on GS is
phosphorylated (J.N.N., J.B.B., D.G.H., B.F.H., E.A.R.,
J.F.P.W., unpublished observations); further, as we have
previously reported, there is a negative correlation be-
tween AMPK and GS activity during exercise in humans
(33), suggesting that AMPK via site 2 phosphorylation may
inhibit GS activity. Taken together, these observations
indicate that AMPK may act as a site 2 GS kinase during
exercise, but that the resultant effect on GS activity
depends on a multitude of other local and humoral factors.
More work is needed to define the role of AMPK in
regulating GS activity during exercise.

In line with previous observations (5,6,9–12), phosphor-
ylation and activation of AMPK depends on fuel availabil-
ity, either glucose in the extracellullar medium or muscle
glycogen. However, the present data suggest that regula-
tion of some downstream targets of AMPK (ACC-� and
GS) is not compromised by glucose loading when muscles
are treated with AICAR. The fact that AICAR-induced
signaling downstream of AMPK is well maintained during
conditions of fuel surplus suggests that hyperglycemia in
insulin-resistant states will not compromise AMPK action.
The bulk of ACC-� and AMPK is distributed in the cytosol
(34,35), and measurements in whole muscle lysates may
give rise to faulty conclusions about the AMPK activity
positioned in specific locations. In fact, our fractionation
data suggest that AMPK in the membrane-glycogen frac-
tion has enhanced sensitivity for activation by the up-
stream kinase. Whether this is due to glycogen or to
another component in this fraction awaits further study.

GS activity is regulated by glycogen through a negative
feedback mechanism (36,37). The mechanism for this
effect is not clear, but it may be related to changes in
kinases and/or phosphatases acting on GS. GS phosphor-
ylation of site 2 and site 2 � 2a, but not of site 3a � 3b, was
elevated by glucose loading, an observation that likely
explains the lower GS activity in these muscles. Of note
was that the same phosphorylation pattern has been seen
in patients with glycogen phosphorylase deficiency
(J.N.N., J.B.B., D.G.H., B.F.H., E.A.R., J.F.P.W., unpub-
lished observations). The lack of changes in site 3a � 3b
phosphorylation is in agreement with the observation that
GSK-3 activity is unchanged in muscle of these patients
and is not affected by glucose loading in healthy human
and rodent skeletal muscle (33,38; J.N.N., J.B.B., B.F.H.,
E.A.R., J.F.P.W., unpublished observations). Measure-
ments of AMPK phosphorylation and activity in total
muscle lysates showed that total AMPK activity was
suppressed under conditions of fuel surplus, suggesting
that AMPK does not play a role in the increased phosphor-
ylation of site 2 under these conditions. However, the
phosphorylation of AMPK was elevated in the membrane-
glycogen fraction, so it remains possible that this specific
subfraction of AMPK could be responsible for the in-
creased phosphorylation of site 2. Further studies are
required to address these issues. Finally, in mouse, GM
(muscle glycogen–targeting subunit of protein phosphate
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1) is important for maintaining glycogen storage and GS
activity, likely because of the action of the associated
phosphatase, protein phosphatase 1 (39,40). GM also
seems to play an important role in the increase in GS
activity after glycogen depletion in human muscle cells
(41). Thus, GM-directed phosphatase activity may be an
important regulator of GS phosphorylation. Of note is that
phosphatase treatment of GS from glycogen-loaded mus-
cles does not restore GS activity to the same degree as GS
obtained from glycogen-lowered muscles (6), suggesting
that phosphatase action is compromised, perhaps also in
the intact cell, and that this may account for a GS
site-specific action of phosphatases.

In conclusion, the present study has provided strong
evidence that �2- rather than �1-containing AMPK com-
plexes function as a GS kinase in intact skeletal muscle
that upon activation by AICAR induces phosphorylation of
GS on site 2 (and subsequently to a limited extent on site
2a, probably by CK-1), but not site 3a � 3b. As judged by
AMPK phosphorylation, the action of the upstream kinase
is suppressed by glucose loading, whereas the down-
stream action of AMPK is not, which may relate to the
possibility that AMPK itself may become a better substrate
for the upstream kinase when colocated with glycogen.
Finally, we have provided evidence that the influence of
glycogen on GS activity involves changes in phosphoryla-
tion on site 2 (and, to a lesser extent, on site 2a), but not
on site 3a � 3b.

ACKNOWLEDGMENTS

This study was supported by grants from the Copenhagen
Muscle Research Centre, Danish National Research Foun-
dation (#504–14), the Media and Grants Secretariat of the
Danish Ministry of Culture, the Danish Diabetes Associa-
tion, the Novo Nordisk Foundation, the Danish Medical
Research Council, and the Research and Technological
Development Projects (QLG1-CT-2001–01488; funded by
the European Commission). A program grant from the
Wellcome Trust also supported D.G.H., and J.N.N. was
supported by a fellowship from the Carlsberg Foundation.
J.F.P.W. was supported by a Hallas Møller fellowship from
the Novo Nordisk Foundation.

Pia Jensen and Betina Bolmgren are acknowledged for
skilled technical assistance.

REFERENCES

1. Hardie DG, Scott JW, Pan DA, Hudson ER: Management of cellular energy
by the AMP-activated protein kinase system. FEBS Lett 546:113–120, 2003

2. Jorgensen SB, Viollet B, Andreelli F, Frosig C, Birk JB, Schjerling P,
Vaulont S, Richter EA, Wojtaszewski JF: Knockout of the alpha2 but not
alpha1 5�-AMP-activated protein kinase isoform abolishes 5-aminoimida-
zole-4-carboxamide-1-beta-4-ribofuranosidebut not contraction-induced
glucose uptake in skeletal muscle. J Biol Chem 279:1070–1079, 2004

3. Mu J, Brozinick JT Jr, Valladares O, Bucan M, Birnbaum M: A role for
AMP-activated protein kinase in contraction- and hypoxia-regulated glu-
cose transport in skeletal muscle. Mol Cell 7:1085–1094, 2001

4. Carling D, Hardie DG: The substrate and sequence specificity of the
AMP-activated protein kinase: phosphorylation of glycogen synthase and
phosphorylase kinase. Biochim Biophys Acta 1012:81–86, 1989

5. Halse R, Fryer LG, McCormack JG, Carling D, Yeaman SJ: Regulation of
glycogen synthase by glucose and glycogen: a possible role for AMP-
activated protein kinase. Diabetes 52:9–15, 2003

6. Wojtaszewski JFP, Jørgensen SB, Hellsten Y, Hardie DG, Richter EA:
Glycogen dependent effects of AICAR on 5�AMP-activated protein kinase
and glycogen synthase activities in rat skeletal muscle. Diabetes 51:284–
292, 2002

7. Aschenbach WG, Hirshman MF, Fujii N, Sakamoto K, Howlett KF, Good-
year LJ: Effect of AICAR treatment on glycogen metabolism in skeletal
muscle. Diabetes 51:567–573, 2002

8. Miyamoto L, Hayashi T, Yonemitsu S, Nakano M, Masuda I, Ogawa Y,
Hosoda K, Inoue G, Nakao K: Effects of AMPK activation on glycogen
regulation in skeletal muscle (Abstract). Diabetes 50:A61, 2001

9. Wojtaszewski JFP, Macdonald C, Nielsen JN, Hellsten Y, Hardie DG, Kemp
BE, Kiens B, Richter EA: Regulation of AMPK activity and substrate
utilization in exercising human skeletal muscle. Am J Physiol 17:E813–
E822, 2003

10. Stephens TJ, Chen ZP, Canny BJ, Michell BJ, Kemp BE, McConell GK:
Progressive increase in human skeletal muscle AMPK �2 activity and ACC
phosphorylation during exercise. Am J Physiol 282:E688–E694, 2002

11. Itani SI, Saha AK, Kurowski TG, Coffin HR, Tornheim K, Ruderman NB:
Glucose autoregulates its uptake in skeletal muscle: involvement of
AMP-activated protein kinase. Diabetes 52:1635–1640, 2003

12. Derave W, Ai H, Ihlemann J, Witters LA, Kristiansen S, Richter EA, Ploug
T: Dissociation of AMP-activated protein kinase activation and glucose
transport in contracting slow-twitch muscle. Diabetes 49:1281–1287, 2000

13. Hudson ER, Pan DA, James J, Lucocq JM, Hawley SA, Green KA, Baba O,
Terashima T, Hardie DG: A novel domain in AMP-activated protein kinase
causes glycogen storage bodies similar to those seen in hereditary cardiac
arrhythmias. Curr Biol 13:861–866, 2003

14. Polekhina G, Gupta A, Michell BJ, van Denderen B, Murthy S, Feil SC,
Jennings IG, Campbell DJ, Witters LA, Parker MW, Kemp BE, Stapleton D:
AMPK beta subunit targets metabolic stress sensing to glycogen. Curr Biol

13:867–871, 2003
15. Viollet B, Andreelli F, Jorgensen SB, Perrin C, Geloen A, Flamez D, Mu J,

Lenzner C, Baud O, Bennoun M, Gomas E, Nicolas G, Wojtaszewski JF,
Kahn A, Carling D, Schuit FC, Birnbaum MJ, Richter EA, Burcelin R,
Vaulont S: The AMP-activated protein kinase alpha2 catalytic subunit
controls whole-body insulin sensitivity. J Clin Invest 111:91–98, 2003

16. Ruderman NB, Houghton CRS, Hems R: Evaluation of the isolated per-
fused rat hindquarter for the study of muscle metabolism. Biochem J

124:639–651, 1971
17. Lowry OH, Passonneau JV: A Flexible System of Enzymatic Analysis.

London, Academic Press, 1972
18. Højlund K, Stæhr P, Hansen BF, Green KA, Hardie DG, Richter EA,

Beck-Nielsen H, Wojtaszewski JFP: Increased phosphorylation of skeletal
muscle glycogen synthase at NH2-terminal sites during physiological
hyperinsulinemia in type 2 diabetes. Diabetes 52:1393–1402, 2003

19. Woods A, Salt I, Scott J, Hardie DG, Carling D: The alpha1 and alpha2
isoforms of the AMP-activated protein kinase have similar activities in rat
liver but exhibit differences in substrate specificity in vitro. FEBS Lett

397:347–351, 1996
20. Miinea CP, Lienhard GE: Stoichiometry of site-specific protein phosphor-

ylation estimated with phosphopeptide-specific antibodies. Biotechniques

34:828–831, 2003
21. Thomas JA, Schlender KK, Larner J: A rapid filter paper assay for UDP

glucose-glycogen glucosyltransferase, including an improved biosynthesis
of UDP-14C-glucose. Anal Biochem 25:486–499, 1968

22. Flotow H, Graves PR, Wang AQ, Fiol CJ, Roeske RW, Roach PJ: Phosphate
groups as substrate determinants for casein kinase I action. J Biol Chem

265:14264–14269, 1990
23. Skurat AV, Wang Y, Roach PJ: Rabbit skeletal muscle glycogen synthase

expressed in COS cells: identification of the regulatory phosphorylation
sites. J Biol Chem 269:25534–25542, 1994

24. Pitcher J, Smythe C, Campbell DG, Cohen P: Identification of the 38-kDa
subunit of rabbit skeletal muscle glycogen synthase as glycogenin. Eur

J Biochem 169:497–502, 1987
25. Winder WW, Hardie DG: AMP-activated protein kinase, a metabolic master

switch: possible roles in type 2 diabetes. Am J Physiol 277:E1–E10, 1999
26. Olsen GS, Hansen BF: AMP kinase activation ameliorates insulin resis-

tance induced by free fatty acids in rat skeletal muscle. Am J Physiol

283:E965–E970, 2002
27. Mahlapuu M, Johansson C, Lindgren K, Hjalm G, Barnes BR, Krook A,

Zierath JR, Andersson L, Marklund S: Expression profiling of the gamma-
subunit isoforms of AMP-activated protein kinase suggests a major role for
gamma3 in white skeletal muscle. Am J Physiol 286:E194–E200, 2004

28. Durante PE, Mustard KJ, Park SH, Winder WW, Hardie DG: Effects of
endurance training on activity and expression of AMP-activated protein
kinase isoforms in rat muscles. Am J Physiol 283:E178–E186, 2002

29. Winder WW, Hardie DG: Inactivation of acetyl-CoA carboxylase and
activation of AMP-activated protein kinase in muscle during exercise.
Am J Physiol 270:E299–E304, 1996

30. Wojtaszewski JFP, Nielsen P, Hansen BF, Richter EA, Kiens B: Isoform

GLYCOGEN, AMPK, AND GLYCOGEN SYNTHASE

3080 DIABETES, VOL. 53, DECEMBER 2004

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/53/12/3074/377386/zdb01204003074.pdf by guest on 24 April 2024



specific and exercise intensity dependent activation of 5�AMP-activated
protein kinase in human skeletal muscle. J Physiol 528:221–226, 2000

31. Nielsen JN, Richter EA: Regulation of glycogen synthase in skeletal muscle
during exercise. Acta Physiol Scand 178:309–319, 2003

32. Mu J, Barton ER, Birnbaum MJ: Selective suppression of AMP-activated
protein kinase in skeletal muscle: update on “lazy mice.” Biochem Soc

Trans 31:236–241, 2003
33. Nielsen JN, Wojtaszewski JF, Haller RG, Hardie DG, Kemp BE, Richter EA,

Vissing J: Role of 5�AMP-activated protein kinase in glycogen synthase
activity and glucose utilization: insights from patients with McArdle’s
disease. J Physiol 541:979–989, 2002

34. Iverson AJ, Bianchi A, Nordlund AC, Witters LA: Immunological analysis of
acetyl-CoA carboxylase mass, tissue distribution and subunit composition.
Biochem J 269:365–371, 1990

35. Salt I, Celler JW, Hawley SA, Prescott A, Woods A, Carling D, Hardie DG:
AMP-activated protein kinase: greater AMP dependence, and preferential
nuclear localization of complexes containing the alpha2 isoform. Biochem

J 334:177–187, 1998
36. Nielsen JN, Derave W, Kristiansen S, Ralston E, Ploug T, Richter EA:

Glycogen synthase localization and activity in rat skeletal muscle is
strongly dependent on glycogen content. J Physiol 531:757–769, 2001

37. Danforth WH: Glycogen synthase activity in skeletal muscle: interconver-
sion of two forms and control of glycogen synthesis. J Biol Chem

240:588–593, 1965
38. Wojtaszewski JFP, MacDonald C, Nielsen JN, Hellsten Y, Hardie GD, Kemp

BE, Kiens B, Richter EA: Regulation of 5�AMP-activated protein kinase
activity and substrate utilization in exercising human skeletal muscle.
Am J Physiol 284:E813�E822, 2003

39. Aschenbach WG, Suzuki Y, Breeden K, Prats C, Hirshman MF, Dufresne
SD, Sakamoto K, Vilardo PG, Steele M, Kim JH, Jing S, Goodyear LJ,
DePaoli-Roach AA: The muscle-specific protein phosphatase PP1G/R GL is
essential for activation of glycogen synthase by exercise. J Biol Chem

276:39959–39967, 2001
40. Delibegovic M, Armstrong CG, Dobbie L, Watt PW, Smith AJ, Cohen PT:

Disruption of the striated muscle glycogen targeting subunit PPP1R3A of
protein phosphatase 1 leads to increased weight gain, fat deposition, and
development of insulin resistance. Diabetes 52:596–604, 2003

41. Lerin C, Montell E, Nolasco T, Clark C, Brady MJ, Newgard CB, Gomez-
Foix AM: Regulation and function of the muscle glycogen-targeting subunit
of protein phosphatase 1 (GM) in human muscle cells depends on the
COOH-terminal region and glycogen content. Diabetes 52:2221–2226, 2003

S.B. JØRGENSEN AND ASSOCIATES

DIABETES, VOL. 53, DECEMBER 2004 3081

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/53/12/3074/377386/zdb01204003074.pdf by guest on 24 April 2024


