
Regulation of GLUT4 biogenesis in muscle:
evidence for involvement of AMPK and Ca2�

EDWARD O. OJUKA,1 TERRY E. JONES,1 LORRAINE A. NOLTE,1 MAY CHEN,1

BRIAN R. WAMHOFF,2 MICHAEL STUREK,2 AND JOHN O. HOLLOSZY1

1Department of Medicine, Washington University School of Medicine, St. Louis 63110; and
2Departments of Physiology and Internal Medicine and Diabetes and Cardiovascular Biology
Program, School of Medicine, University of Missouri, Columbia, Missouri 65212
Received 12 November 2001; accepted in final form 3 January 2002

Ojuka, Edward O., Terry E. Jones, Lorraine A. Nolte,
May Chen, Brian R. Wamhoff, Michael Sturek, and
John O. Holloszy. Regulation of GLUT4 biogenesis in mus-
cle: evidence for involvement of AMPK and Ca2�. Am J
Physiol Endocrinol Metab 282: E1008–E1013, 2002; 10.1152/
ajpendo.00512.2001.—There is evidence suggesting that
adaptive increases in GLUT4 and mitochondria in skeletal
muscle occur in parallel. It has been reported that raising
cytosolic Ca2� in myocytes induces increases in mitochon-
drial enzymes. In this study, we tested the hypothesis that an
increase in cytosolic Ca2� induces an increase in GLUT4. We
found that raising cytosolic Ca2� by exposing L6 myotubes to
5 mM caffeine for 3 h/day for 5 days induced increases in
GLUT4 protein and in myocyte enhancer factor (MEF)2A and
MEF2D, which are transcription factors involved in regulat-
ing GLUT4 expression. The caffeine-induced increases in
GLUT4 and MEF2A and MEF2D were partially blocked by
dantrolene, an inhibitor of sarcoplasmic reticulum Ca2� re-
lease, and completely blocked by KN93, an inhibitor of Ca2�-
calmodulin-dependent protein kinase (CAMK). Caffeine also
induced increases in MEF2A, MEF2D, and GLUT4 in rat
epitrochlearis muscles incubated with caffeine in culture
medium. 5-Aminoimidazole-4-carboxamide ribonucleoside
(AICAR), which activates AMP-activated protein kinase
(AMPK), also induced approximately twofold increases in
GLUT4, MEF2A, and MEF2D in L6 myocytes. Our results
provide evidence that increases in cytosolic Ca2� and activa-
tion of AMPK, both of which occur in exercising muscle,
increase GLUT4 protein in myocytes and skeletal muscle.
The data suggest that this effect of Ca2� is mediated by
activation of CAMK and indicate that MEF2A and MEF2D
are involved in this adaptive response.

5�-adenosine monophosphate-activated protein kinase; gene
expression; skeletal muscle; tissue culture; myocyte en-
hancer factor 2; Ca2�-calmodulin-dependent protein kinase

INSULIN, EXERCISE, AND HYPOXIA all stimulate glucose
transport in skeletal muscle by causing movement of
the GLUT4 isoform of the glucose transporter from
intracellular sites to the cell surface (17). Under nor-
mal conditions, i.e., in the absence of insulin resis-
tance, the increase in glucose transport induced by the

maximal effects of these stimuli is determined by the
quantity of GLUT4 protein present in the muscle (12,
19). Exercise training induces an increase in GLUT4
protein in skeletal muscle (9, 17, 34). This adaptive
increase in GLUT4 is associated with a proportional
increase in maximally stimulated muscle glucose
transport activity (35, 37). The increase in muscle
GLUT4 protein induced by exercise occurs very rap-
idly, with most of the increase occurring within the
first 24 h after an exercise bout (35).

There is considerable evidence that activation of
AMP-activated protein kinase (AMPK), by the increase
in AMP and the decreases in phosphocreatine and ATP
that occur in contracting muscle, is involved in the
acute stimulation of glucose transport by exercise (10,
21, 28, 40). Recent studies suggest that, in addition to
the acute stimulation of glucose transport, activation of
AMPK plays a role in increasing the capacity for glu-
cose transport by inducing an increase in GLUT4 in
skeletal muscle. This is evidenced by the findings that
administration of 5-aminoimidazole-4-carboxamide ri-
bonucleoside (AICAR) to rats, or exposing muscles to
AICAR in vitro, results in a rapid increase in GLUT4
protein (18, 30, 41, 43). AICAR is taken up by muscle
cells and converted to the AMP analog ZMP, which
activates AMPK (40).

Endurance exercise also induces an increase in mus-
cle mitochondria (15, 16). Activation of AMPK at least
partially mimics this effect of exercise (41). In addition
to the evidence for involvement of the perturbation in
high-energy phosphate concentrations that leads to
activation of AMPK, studies on myocytes in culture
have suggested that increases in cytosolic Ca2� can
induce increases in mitochondrial enzymes (8, 22).
Some of the same adaptive stimuli that induce an
increase in mitochondria also result in an increase in
GLUT4 in skeletal muscle (4, 9, 17, 36, 41), suggesting
the possibility that the pathways involved in mediating
adaptive increases in GLUT4 and mitochondria may
overlap. This study was conducted to test the hypoth-
esis that raising cytosolic Ca2� induces an increase in
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GLUT4 expression in myocytes, to compare the adap-
tive responses to raising cytosolic Ca2� and treatment
with AICAR, and to obtain information regarding the
mechanisms responsible for mediating increased
GLUT4 expression.

MATERIALS AND METHODS

Materials. L6 myocytes were purchased from American
Type Culture Collection (Manassas, VA), the Ca2�-calmodu-
lin-dependent protein kinase (CAMK) inhibitor KN93 from
Calbiochem (La Jolla, CA), MEF2A and GLUT3 antibodies
from Santa Cruz Biotechnology (Santa Cruz, CA), and
MEF2D antibody from Transduction Laboratories (Lexing-
ton, KY). 2-Deoxy-D-[1,2-3H]glucose was purchased from
American Radiolabeled Chemicals (St. Louis, MO). The rest
of the reagents were purchased from Sigma Chemical.

Cell culture. L6 myocytes were maintained at 37°C in 5%
CO2 on 100 mM collagen-coated plastic dishes, or 12-well
plates, containing low-glucose (5 mM) DMEM supplemented
with 0.5 mM oleic acid, 1% BSA, 1 mM L-carnitine, 10 mM
creatine, 100 �U/ml penicillin, 100 �U/ml streptomycin, 0.25
�g/ml fungizone, and 10% fetal bovine serum (FBS). Cells
were maintained in continuous passage by trypsinization of
subconfluent cultures with 0.25% trypsin. Myoblast differen-
tiation was induced by switching to medium containing 2%
heat-inactivated horse serum when myoblasts were �80%
confluent. Experimental treatments were begun 4 days later,
when myotubes were evident. At this stage, we switched back
to a high-serum medium containing 10% horse serum and 5%
FBS. Treatment of myotubes with caffeine or AICAR, with or
without other agents, i.e., dantrolene, adenosine-9-�-D-ara-
bino-furanoside (AraA), and KN93, was for 3 h/day for 5 days.
To remove these agents, myotubes were washed twice with
PBS.

Determination of cytosolic Ca2� levels. Cytosolic Ca2� was
determined using fura 2 epifluorescence digital microscopy,
as described earlier (14). Briefly, cells on coverslips were
loaded with 5 �M fura 2-AM for 30 min at 37°C. The coverslip
was mounted onto a superfusion chamber and superfused
with a physiological saline solution containing (in mM) 2
CaCl2, 143 NaCl, 1 MgCl2, 5 KCl, 10 HEPES, and 10 glucose,
pH 7.4, and either 5 mM caffeine and/or 10 �M dantrolene.
Fura 2 was excited by 340- and 380-nm light and the emitted
fluorescence (510 nm) collected by a monochrome charge-
coupled device camera that was attached to a computer for
data acquisition by the InCa Ratiometric Fluorescence pro-
gram version 1.2 (Intracellular Imaging). Data are expressed
as a ratio (and indicated as ratio units) of the emitted light
intensity at 340 and 380 nm excitation, with corresponding
levels of Ca expressed in nanomoles.

Glucose transport determinations. Measurement of
[2-3H]deoxyglucose uptake was carried out as described by
Klip et al. (20). Briefly, 18 h after the last of the 5-day
treatments, differentiated myotubes in 12-well plates were
rinsed twice with HEPES-buffered saline (in mM: 140 NaCl,
20 Na-HEPES, 2.5 MgSO4, 1 CaCl2, and 5 KCl, pH 7.4).
Myotubes were then incubated in serum-free medium for 5 h
before treatment with 50 mU/ml insulin for 60 min. Glucose
uptake was quantitated by exposing the cells to 10 �M
[2-3H]deoxyglucose (1 �Ci/ml) for 12 min. Nonspecific uptake
was determined by quantitating cell-associated radioactivity
in the presence of 10 �M cytochalasin B, which blocks trans-
porter-mediated uptake. At the end of the 12-min period, the
uptake buffer was aspirated rapidly, and the cells were
washed three times with ice-cold isotonic saline (0.9% NaCl,
wt/vol). The cells were lysed in 0.05 N NaOH and associated

radioactivity was determined by liquid scintillation counting.
Each condition was assayed in duplicate.

Western analysis. Myotubes or epitrochlearis muscles were
homogenized in buffer of 10 mM HEPES, 1 mM EDTA, 250
mM sucrose, pH 7.4. Aliquots of homogenate were solubilized
in Laemmli sample buffer, loaded onto a 10% SDS-PAGE
minigel, and subjected to electrophoresis at 4 W for �1 h.
Proteins were transferred from gel to nitrocellulose mem-
brane at 200 mA for 1 h. Membranes were blocked overnight
at 4°C with 5% nonfat dry milk in phosphate-buffered saline
containing 0.1% Tween 20. GLUT4 protein content was de-
termined using a rabbit polyclonal antibody directed against
the COOH terminus, as described previously (36). The
GLUT4 and GLUT1 antibodies were kindly given to us by
Mike Mueckler (Washington University, St. Louis, MO). For
determination of MEF2A, the blots were probed with an
affinity-purified rabbit antibody directed against the COOH
terminus (Santa Cruz Biotechnology). For MEF2D, the blots
were probed with a monoclonal antibody (Transduction Lab-
oratories). This was followed by incubation with appropriate
horseradish peroxidase-conjugated anti-IgG antibody. Anti-
body-bound protein was detected using enhanced chemilumi-
nescence.

Animals. This study was approved by the Animal Studies
Committee of Washington University. Male Wistar rats
weighing �50 g were obtained from Charles River Laborato-
ries and maintained on a diet of Purina rat chow and water
ad libitum. On the day of the experiment, rats were anesthe-
tized with pentobarbital sodium (5 mg/100 g body wt) given
intraperitoneally, and the epitrochlearis muscles were re-
moved.

Muscle incubations. Epitrochlearis muscles were incu-
bated as described previously (30). Briefly, muscles of seden-
tary rats were incubated in tissue culture medium in the
presence of 1.0 �M ionomycin or 4.0 mM caffeine or vehicle
(control) in glass vials in a shaking incubator maintained at
37°C. The vials, containing 2 ml of medium, were gassed
continuously with 95% O2-5% CO2 throughout the incuba-
tion. The incubation medium consisted of �-MEM (GIBCO-
BRL 1200–063), 10% fetal bovine serum (GIBCO-BRL), 50

Fig. 1. Caffeine induces an increase in cytosolic Ca2� in L6 myo-
tubes. Cytosolic Ca2� levels were determined by fura 2 digital epi-
fluorescence microscopy, as described in MATERIALS AND METHODS.
The ratios of emitted light at 340 and 380 nm (F340/380) represent
the cytosolic Ca2� levels. Estimated nanomolar Ca2� levels based on
numerous calibration curves are also shown. Caffeine, 5 mM, in-
duces a modest increase in cytosolic Ca2� in the presence of 10 �M
dantrolene (an inhibitor of sarcoplasmic reticulum Ca2� release) and
a nearly 4-fold increase in Ca2� in a dantrolene-free medium. The
tracing is an average of Ca2� responses from 10 myotubes.
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�U/ml purified pork insulin (Ilectin II, Eli Lilly), 100 �U/ml
penicillin, 100 �g/ml streptomycin, and 0.25 �g/ml fungizone.
The medium was sterilized by filtration through 0.2-�m
Millipore filters. The medium was replaced with fresh me-
dium after 6 and 12 h of incubation. After an 18-h-long
incubation period, the muscles were washed in 2 ml of PBS
for 10 min, blotted, clamp frozen, and stored at �80°C until
they were used for measurement of GLUT4 and MEF2A and
MEF2D.

Statistics. Results are expressed as means � SE. Statisti-
cally significant differences were determined with Student’s
t-test or ANOVA, as appropriate.

RESULTS AND DISCUSSION

Caffeine induces a sustained increase in cytosolic
Ca2�. Caffeine has been shown to release Ca2� from
isolated sarcoplasmic reticulum (SR) preparations and,
at high concentrations, to cause muscle contractions (1,
32). Because we have found single-cell measures of cyto-

solic Ca2� in response to caffeine and other agonists (14)
to be similar to those in intact tissues (3), we conducted a
series of experiments on the more convenient L6 myotube
preparation. As shown in Fig. 1, in the presence of 10 �M
dantrolene, a compound that inhibits Ca2� release from
the SR, exposure of myocytes to 5 mM caffeine resulted in

Fig. 2. 5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR) in-
duces an increase in GLUT4 in L6 myocytes. L6 myotubes were
incubated with 1.0 mM AICAR with or without 0.5 mM adenosine-
9-�-D-arabino-furanoside (AraA) for 3 h/day for 5 days. Values are
means � SE for 6 dishes per group. *P 	 0.001, AICAR vs. control,
and vs. AICAR � AraA.

Fig. 3. Caffeine induces an increase in GLUT4. L6 myotubes were
incubated with 5 mM caffeine in the presence or absence of 10 �M
dantrolene or 10 �M KN93 (a Ca2�-calmodulin-dependent kinase
inhibitor) for 3 h/day for 5 days. Each bar represents the mean � SE
for 9 dishes. *P 	 0.001, caffeine vs. controls or caffeine � dantrolene
or KN93.

Fig. 4. Cytochalasin B-inhibitable, insulin-stimulated glucose trans-
port is increased in L6 myotubes that have adapted to AICAR or
caffeine treatment. L6 myotubes were incubated with 1.0 mM
AICAR or 5 mM caffeine for 3 h/day for 5 days. Cultures were serum
starved for 5 h before addition of 50 mU/ml insulin for 60 min.
2-Deoxyglucose (2DG) uptake was measured as described in MATERI-
ALS AND METHODS. Each bar represents the mean � SE for 5 inde-
pendent experiments performed in quadruplicate. *P 	 0.05, insulin
stimulated vs. basal. †P 	 0.05 vs. control.

Fig. 5. Caffeine (A) and AICAR (B) do not induce increases in
GLUT1 or GLUT3. L6 myotubes were incubated with either 1.0 mM
AICAR or 5 mM caffeine for 3 h/day for 5 days. Values are means �
SE for 6 dishes per group.
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a modest increase in cytosolic Ca2�. On replacement of
the dantrolene-containing medium with dantrolene-free
medium, the cytosolic Ca2� response was potentiated
and sustained more than fourfold above basal levels. In
light of this evidence that 5 mM caffeine raises cytosolic
Ca2�, we used 5 mM caffeine in our subsequent experi-
ments on these cells.

AICAR induces an increase in GLUT4 in L6 myo-
tubes. To validate L6 myotubes as an appropriate
model in which to study the regulation of GLUT4
induction, we examined the effect of AICAR. This com-
pound is transported into cells and converted to the
AMP analog ZMP, resulting in the activation of AMPK
(40). It has been shown that administration of AICAR
to rats results in an increase in muscle GLUT4 (18, 41),
and we have shown that incubation of rat epitrochle-
aris muscles with AICAR in culture medium induces a
significant increase in GLUT4 protein (30). As shown
in Fig. 2, exposure of L6 myotubes to 1.0 mM AICAR
for 3 h/day for 5 days induced an increase in GLUT4
protein.

An inhibitor of AMPK prevents the AICAR-induced
increase in GLUT4. AraA is taken up by muscle cells
and converted to AraATP, which is a competitive in-

hibitor of AMPK (11, 29). As shown in Fig. 2, AraA
prevents the increase in GLUT4 induced by AICAR.
This finding supports the interpretation that activa-
tion of AMPK is the mechanism by which AICAR
induces an increase in GLUT4.

Raising cytosolic Ca2� induces an increase in
GLUT4. The finding that AICAR induces an increase in
GLUT4 in L6 myotubes provided evidence that these
cells are suitable for studies of the regulation of GLUT4
induction. We therefore investigated the effect of expos-
ing L6 myotubes to 5 mM caffeine for 3 h/day. As shown
in Fig. 3, exposure to caffeine induced a highly significant
increase in GLUT4. This effect was partially blocked by
10 �M dantrolene (Fig. 3), which also blocked �66% of
the caffeine-induced increase in cytosolic Ca2� (Fig. 1). As
shown in Fig. 4, the increases in GLUT4 were associated
with significant increases in insulin-stimulated glucose
transport activity.

GLUT1 and GLUT3 do not increase in response to
caffeine or AICAR. L6 myotubes also contain the GLUT1
and GLUT3 isoforms of the glucose transporter; this
likely accounts for the high basal levels of glucose trans-
port (Fig. 4). In contrast to the response of GLUT4,
neither GLUT1 nor GLUT3 protein increased in L6 myo-
tubes treated for 3 h/day for 5 days with either AICAR or

Fig. 6. Caffeine induces increases in the transcription factors myo-
cyte enhancer factor (MEF)2A and MEF2D. A: representative West-
ern blot and mean protein values for MEF2A in control and caffeine-
treated L6 myotubes. B: representative Western blot and average
protein values for MEF2D in control and caffeine-treated L6 myo-
tubes. Myocytes were treated with 5 mM caffeine in the presence or
absence of 10 �M dantrolene or 10 �M KN93 for 3 h/day for 5 days.
Each bar represents the mean � SE for 6 dishes. *P 	 0.001 vs.
control.

Fig. 7. AICAR induces increases in transcription factors MEF2A and
MEF2D. Representative Western blots and mean protein values for
MEF2A and MEF2D in control and AICAR-treated L6 myotubes.
Myotubes were treated with 1 mM AICAR for 3 h/day for 5 days.
Each bar represents the mean � SE for 6 dishes. *P 	 0.001 vs.
control.

Fig. 8. Caffeine and ionomycin induce increases in GLUT4, MEF2A,
and MEF2D in rat epitrochlearis muscles. Epitrochlearis muscles
were incubated in culture medium with either 4 mM caffeine, 1 �M
ionomycin, or vehicle (control) for 18 h, as described in MATERIALS AND
METHODS. GLUT4, MEF2A, and MEF2D protein levels were deter-
mined by Western analysis. Each bar represents the mean � SE for
7–8 muscles. *P 	 0.05 vs. control.
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caffeine (Fig. 5). Thus the adaptive responses to raising
cytosolic Ca2� or activating AMPK are specific for the
GLUT4 isoform. This finding is in keeping with the ob-
servation that exercise induces an increase in GLUT4 but
not in GLUT1 in rat skeletal muscle (37).

Responses of MEF2 to caffeine and AICAR. Recent
studies have shown that there is a MEF2-binding site
in the GLUT4 promoter that is essential for GLUT4
expression in skeletal muscle (24, 27, 38). Insulin de-
ficiency results in a decrease in MEF2A protein in
striated muscle, and this finding likely accounts for the
decrease in muscle GLUT4 associated with insulin
deficiency (27). The expression of GLUT4 in striated
muscle is dependent on binding of a MEF2A-MEF2D
heterodimer to the GLUT4 promoter (27). These find-
ings motivated us to examine the effect of incubating
L6 myotubes with caffeine or AICAR on MEF2A and
MEF2D protein concentrations. As shown in Fig. 6,
caffeine induced approximately twofold increases in
MEF2A (Fig. 6A) and MEF2D (Fig. 6B) protein levels.
These increases in MEF2A and MEF2D were partially
prevented by 10 �M dantrolene. AICAR also induced
increases in MEF2A and MEF2D (Fig. 7).

KN93 blocks the caffeine-induced increases in
GLUT4, MEF2A, and MEF2D. CAMK I, II, and III are
closely related enzymes that belong to the same protein
kinase subfamily as AMPK (5). AMPK and the CAMKs
recognize the same amino acid consensus sequence,
and it has been shown that AMPK and CAMK I have
very similar substrate recognition requirements (5, 6,
23, 39). Because activation of AMPK induces an in-
crease in GLUT4 in muscle (18, 30, 41), it seemed
possible that activation of a CAMK by Ca2� might
mediate the increases in MEF2A, MEF2D, and GLUT4
by phosphorylation by CAMK of the same substrates
that are phosphorylated by AMPK. As a preliminary
step in evaluating this possibility, we determined
whether the CAMK inhibitor KN93, which is equally
effective in inhibiting all three CAMKs (5, 13), pre-
vents the caffeine-induced increases in MEF2A,
MEF2D, and GLUT4. As shown in Figs. 3 and 6, KN93
completely inhibited the increases in MEF2A, MEF2D,
and GLUT4 proteins in myocytes exposed to caffeine.
Evidence obtained using an inhibitor can obviously not
be used as proof for the correctness of a hypothesis;
however, this finding is consistent with the hypothesis
that activation of a CAMK is involved in mediating the
increases in MEF2A, MEF2D, and GLUT4 induced by
an increase in cytosolic Ca2� and points the direction
for future, more sophisticated studies. These could, for
example, involve transfection of myocytes with a con-
stitutively active form of CAMK.

Responses of rat epitrochlearis muscles to caffeine or
ionomycin in vitro. L6 myocytes differ considerably
from adult skeletal muscle in their pattern of glucose
transporter expression and regulation (17). Therefore,
to obtain information regarding whether our findings
are applicable to adult skeletal muscle, we incubated
rat epitrochlearis muscles with caffeine or ionomycin
in culture medium for 18 h. As shown in Fig. 8, both
caffeine and ionomycin induced �25% increases in

GLUT4, MEF2A, and MEF2D proteins in rat epitroch-
learis muscles.

That the elevation of cytosolic Ca2�, mediated by
release of Ca2� from the SR, induces increases in the
concentrations of MEF2A and MEF2D proteins in myo-
cytes is a new finding. However, previous studies have
implicated increases in cytosolic Ca2�, with activation
of CAMK, in the regulation of MEF2 transcriptional
activity. MEF2 is a substrate for, and is activated by,
CAMK (2, 33). In various cell types, activation of MEF2
by Ca2� influx correlates with the activation of the
mitogen-activated protein kinase p38 (26, 31, 42); this
effect may also be mediated by CAMK, as it has been
shown that p38 is activated in cells transfected with
constitutively active CAMK IV (7). Another mecha-
nism by which CAMK stimulates MEF2 activity is by
causing dissociation of class II histone deacetylases
(HDACs) from the DNA-binding site and thus relieving
repression of MEF2 by HDACs (25). Thus it appears
that the ability of MEFs to activate transcription is
enhanced in response to an increase in cytosolic Ca2�

both by allosteric activation via phosphorylation and,
as shown in the present study, by increased expression
of MEF2A and MEF2D proteins.

In conclusion, the results of this study show that
activation of AMPK and increases in cytosolic Ca2�,
both of which occur in muscle during exercise, induce
increases in GLUT4 protein in myocytes. They also
provide preliminary evidence that this effect of Ca2� is
mediated by activation of CAMK. Our results further
show that MEF2A and MEF2D, transcription factors
that regulate GLUT4 expression in muscle, increase in
response to AMPK activation and to increases in cyto-
solic Ca2�. On the basis of these findings, we think it is
likely that the increase in GLUT4 induced in muscle by
exercise is mediated by both activation of AMPK and
the increases in cytosolic Ca2� and that increases in
MEF2A and MEF2D play a key role in this adaptive
response.

We are grateful to Victoria Reckamp for expert assistance with
preparation of the manuscript.

This research was supported by National Institutes of Health
Grants AG-00425 and DK-18986 to J. O. Holloszy and HL-62552 to
M. Sturek. E. O. Ojuka and T. E. Jones were supported by National
Institute on Aging Institutional National Research Service Award
AG-00078, and B. R. Wamhoff was supported by an American Heart
Association doctoral fellowship.

REFERENCES

1. Bianchi CP. The effect of caffeine on radiocalcium movement in
frog sartorius. J Gen Physiol 44: 845–849, 1961.

2. Blaeser F, Ho N, Prywes R, and Chatila TA. Ca2�-dependent
gene expression mediated by MEF2 transcription factors. J Biol
Chem 275: 197–209, 2000.

3. Bowles DK, Laughlin MH, and Sturek M. Exercise training
alters the calcium and contractile response of coronary arteries
to endothelium. J Appl Physiol 78: 1079–1087, 1995.

4. Casla A, Rovira A, Wells JA, and Dohm GL. Increased
glucose transporter (GLUT4) protein expression in hyperthy-
roidism. Biochem Biophys Res Commun 171: 182–188, 1990.

5. Corcoran EE and Means AR. Defining Ca2�/calmodulin-de-
pendent protein kinase cascades in transcriptional regulation.
J Biol Chem 276: 2975–2978, 2001.

E1012 CA2� AND GLUT4 BIOGENESIS

AJP-Endocrinol Metab • VOL 282 • MAY 2002 • www.ajpendo.org

Downloaded from journals.physiology.org/journal/ajpendo (041.075.187.145) on January 16, 2023.



6. Dale S, Wilson WA, Edelman AM, and Hardie DG. Similar
substrate recognition motifs for mammalian AMP-activated pro-
tein kinase, higher plant HMG-CoA reductase kinase-A, yeast
SNF1, and mammalian calmodulin-dependent protein kinase I.
FEBS Lett 361: 191–195, 1995.

7. Enslen H, Tokumitsu H, Stork PJS, Davis RJ, and Soder-
ling TR. Regulation of mitogen-activated protein kinases by a
calcium/calmodulin-dependent protein kinase cascade. Proc Natl
Acad Sci USA 93: 10803–10808, 1996.

8. Freyssenet D, DiCarlo M, and Hood DA. Calcium-dependent
regulation of cytochrome c gene expression in skeletal muscle
cells. Identification of a protein kinase c-dependent pathway.
J Biol Chem 274: 9305–9311, 1999.

9. Friedman JE, Sherman WM, Reed MJ, Elton CW, and
Dohm GL. Exercise-training increases glucose transporter pro-
tein GLUT4 in skeletal muscle of obese Zucker (fa/fa) rats. FEBS
Lett 268: 13–16, 1990.

10. Hayashi T, Hirshman MF, Kurth EJ, Winder WW, and
Goodyear LJ. Evidence for 5�AMP-activated protein kinase
mediation of the effect of muscle contraction on glucose trans-
port. Diabetes 47: 1369–1373, 1998.

11. Henin N, Vincent MF, and Van den Berghe G. Stimulation
of rat liver AMP-activated protein kinase by AMP analogues.
Biochim Biophys Acta 1290: 197–203, 1996.

12. Henriksen EJ, Bourey RE, Rodnick KJ, Koranyi L, Per-
mutt MA, and Holloszy JO. Glucose transporter protein con-
tent and glucose transport capacity in rat skeletal muscles. Am J
Physiol Endocrinol Metab 259: E593–E598, 1990.

13. Hidaka H and Yokokura H. Molecular and cellular pharma-
cology of a calcium/calmodulin-dependent protein kinase II
(CaM kinase II) inhibitor, KN-62, and proposal of CaM kinase
phosphorylation cascades. Adv Pharmacol 36: 193–219, 1996.

14. Hill BJF, Katwa LC, Wamhoff BR, and Sturek M. Enhanced
endothelinA receptor-mediated calcium mobilization and con-
traction in organ cultured coronary arteries. J Pharmacol Exp
Ther 295: 484–491, 2000.

15. Holloszy JO. Biochemical adaptations in muscle. Effects of
exercise on mitochondrial O2 uptake and respiratory enzyme
activity in skeletal muscle. J Biol Chem 242: 2278–2282, 1967.

16. Holloszy JO and Coyle EF. Adaptations of skeletal muscle to
endurance exercise and their metabolic consequences. J Appl
Physiol 56: 831–839, 1984.

17. Holloszy JO and Hansen PA. Regulation of glucose transport
into skeletal muscle. In: Reviews of Physiology, Biochemistry and
Pharmacology, edited by MP Blaustein, H Grunicke, E Haber-
mann, D Pette, G Schultz, and M Schweiger. Berlin: Springer-
Verlag, 1996, p. 99–193.

18. Holmes BF, Kurth-Kraczek EJ, and Winder WW. Chronic
activation of 5�-AMP-activated protein kinase increases
GLUT-4, hexokinase, and glycogen in muscle. J Appl Physiol 87:
1990–1995, 1999.

19. Kern M, Wells JA, Stephens JM, Elton CW, Friedman JE,
Tapscott EB, Pekala PH, and Dohm GL. Insulin responsive-
ness in skeletal muscle is determined by glucose transporter
(GLUT 4) protein level. Biochem J 270: 397–440, 1990.

20. Klip A, Logan WJ, and Li G. Hexose transport in L6 muscle
cells. Kinetic properties and the number of [3H]cytochalasin B
binding sites. Biochim Biophys Acta 687: 265–280, 1982.

21. Kurth-Kraczek EJ, Hirshman MF, Goodyear LJ, and
Winder WW. 5� AMP-activated protein kinase activation causes
GLUT4 translocation in skeletal muscle. Diabetes 48: 1667–
1671, 1999.

22. Lawrence JC Jr and Salsgiver WJ. Levels of enzymes of
energy metabolism are controlled by activity of cultured rat
myotubes. Am J Physiol Cell Physiol 244: C348–C355, 1983.

23. Lee JC, Kwon Y-G, Lawrence DS, and Edelman AM. A
requirement of hydrophobic and basic amino acid residues for
substrate recognition by Ca2�/calmodulin-dependent protein ki-
nase Ia. Proc Natl Acad Sci USA 91: 6413–6417, 1994.

24. Liu ML, Olson AL, Edgington NP, Moye-Rowley WS, and
Pessin JE. Myocyte enhancer factor 2 (MEF2) binding site is
essential for C2C12 myotube-specific expression of the rat
GLUT4/muscle-adipose facilitative glucose transporter gene.
J Biol Chem 269: 28514–28521, 1994.

25. Lu J, McKinsey TA, Nicol RL, and Olson EN. Signal-depen-
dent activation of the MEF2 transcription factor by dissociation
from histone deacetylases. Proc Natl Acad Sci USA 97: 4070–
4075, 2000.

26. Mao Z, Bonni A, Xia F, Nadal-Vicens M, and Greenberg
ME. Neuronal activity-dependent cell survival mediated by
transcription factor MEF2. Science 286: 785–790, 1999.

27. Mora S and Pessin JE. The MEF2A isoform is required for
striated muscle-specific expression of the insulin-responsive
GLUT4 glucose transporter. J Biol Chem 275: 16323–16328,
2000.

28. Mu J, Brozinick JT Jr, Valladares O, Bucan M, and Birn-
baum MJ. A role for AMP-activated protein kinase in contrac-
tion- and hypoxia-regulated glucose transport in skeletal muscle.
Mol Cell 7: 1085–1094, 2001.

29. Musi N, Hayashi T, Fujii N, Hirshman MF, Witters LA, and
Goodyear LJ. AMP-activated protein kinase activity and glu-
cose uptake in rat skeletal muscle. Am J Physiol Endocrinol
Metab 280: E677–E684, 2001.

30. Ojuka EO, Nolte LA, and Holloszy JO. Increased expression
of GLUT-4 and hexokinase in rat epitrochlearis muscles exposed
to AICAR in vitro. J Appl Physiol 88: 1072–1075, 2000.

31. Ornatsky OI, Cox DM, Tangirala P, Andreucci JJ, Quinn
ZA, Wrana JL, Prywes R, Yu YT, and McDermott JC.
Post-translational control of the MEF2A transcriptional regula-
tory protein. Nucleic Acids Res 27: 2646–2654, 1999.

32. Palade P. Drug induced Ca2� release from isolated sarcoplas-
mic reticulum. II. Releases involving a Ca2� induced Ca2� re-
lease channel. J Biol Chem 262: 6142–6148, 1987.

33. Passier R, Zeng H, Frey N, Naya FJ, Nicol RL, McKinsey
TA, Overbeek P, Richardson JA, Grant SR, and Olson EN.
CaM kinase signaling induces cardiac hypertrophy and activates
the MEF2 transcription factor in vivo. J Clin Invest 105: 1395–
1406, 2000.

34. Ploug T, Stallknecht BM, Pedersen O, Kahn BB, Ohkuwa
T, Vinten J, and Galbo H. Effect of endurance training on
glucose transport capacity and glucose transporter expression in
rat skeletal muscle. Am J Physiol Endocrinol Metab 259: E778–
E786, 1990.

35. Ren J-M, Semenkovich CF, Gulve EA, Gao J, and Holloszy
JO. Exercise induces rapid increases in GLUT4 expression,
glucose transport capacity, and insulin-stimulated glycogen stor-
age in muscle. J Biol Chem 269: 14396–14401, 1994.

36. Ren J-M, Semenkovich CF, and Holloszy JO. Adaptation of
muscle to creatine depletion: effect on GLUT-4 glucose trans-
porter expression. Am J Physiol Cell Physiol 264: C146–C150,
1993.

37. Rodnick KJ, Henriksen EJ, James DE, and Holloszy JO.
Exercise training, glucose transporters, and glucose transport in
rat skeletal muscles. Am J Physiol Cell Physiol 262: C9–C14,
1992.

38. Thai MV, Guruswamy S, Cao KT, Pessin JE, and Olson AL.
Myocyte enhancer factor-2 (MEF2)-binding site is required for
GLUT4 gene expression in transgenic mice. J Biol Chem 273:
14285–14292, 1998.

39. Weekes J, Ball KL, Caudwell B, and Hardie DG. Specificity
determinants for the AMP-activated protein kinase and its plant
homologue analysed using synthetic peptides. FEBS Lett 334:
335–339, 1993.

40. Winder WW and Hardie DG. AMP-activated protein kinase, a
metabolic master switch: possible roles in type 2 diabetes. Am J
Physiol Endocrinol Metab 277: E1–E10, 1999.

41. Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M,
and Holloszy JO. Activation of AMP-activated protein kinase
increases mitochondrial enzymes in skeletal muscle. J Appl
Physiol 88: 2219–2226, 2000.

42. Zhao M, New L, Kravchenko VV, Kato Y, Gram H, di
Padova F, Olson EN, Ulevitch RJ, and Han J. Regulation of
the MEF2 family of transcription factors by p38. Mol Cell Bio-
chem 19: 21–30, 1999.

43. Zheng D, MacLean PS, Pohnert SC, Knight JB, Olson AL,
Winder WW, and Dohm GL. Regulation of muscle GLUT-4
transcription by AMP-activated protein kinase. J Appl Physiol
91: 1073–1083, 2001.

E1013CA2� AND GLUT4 BIOGENESIS

AJP-Endocrinol Metab • VOL 282 • MAY 2002 • www.ajpendo.org

Downloaded from journals.physiology.org/journal/ajpendo (041.075.187.145) on January 16, 2023.


