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Abstract Aims/hypothesis: The aim of this study was to
determine the effect of several antidiabetic agents on in-
sulin-stimulated glycogen synthesis, as well as on mRNA
expression. Methods: Cultured primary human skeletal myo-
tubes obtained from six healthy subjects were treated for 4
or 8 days without or with glucose (25 mmol/l), insulin
(400 pmol/l), rosiglitazone (10 pmol/l), metformin (20 wmol/)
or the AMP-activated kinase activator 5-aminoimidazole-
4-carboxamide ribonucleoside (AICAR) (200 umol/l). After
this, insulin-stimulated glycogen synthesis was determined.
mRNA levels of the glucose transporters GLUT1 and GL
UT4, the peroxisomal proliferator activator receptor gamma
(PPAR gamma) co-activator 1 (PGC1) and the myocyte-
specific enhancer factors (MEF2), MEF2A, MEF2C and
MEF2D were determined using real-time PCR analysis
after 8 days exposure to the various antidiabetic agents.
Results: Insulin-stimulated glycogen synthesis was sig-
nificantly increased in cultured human myotubes treated
with insulin, rosiglitazone or metformin for 8 days, com-
pared with non-treated cells. Furthermore, an 8-day exposure
of myotubes to 25 mmol/l glucose impaired insulin-stim-
ulated glycogen synthesis. In contrast, treatment with
AICAR was without effect on insulin-mediated glycogen
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synthesis. Exposure to insulin, rosiglitazone or metfor-
min increased mRNA expression of PGC1 and GLUT4,
while AICAR or 25 mmol/l glucose treatment increased
GLUT! mRNA expression. Metformin also increased
mRNA expression of the MEF2 isoforms. Conclusions/
interpretation: Enhanced insulin-stimulated glycogen syn-
thesis in human skeletal muscle cell culture coincides with
increased GLUT4 and PGC1 mRNA expression following
treatment with various antidiabetic agents. These data show
that chronic treatment of human myotubes with insulin,
metformin or rosiglitazone has a direct positive effect on
insulin action and mRNA expression.
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Introduction

Elevated plasma glucose levels due to insulin resistance in
peripheral tissues or impaired insulin secretion over longer
time spans are commonly associated with metabolic aber-
rations such as insulin resistance, dyslipidaemia, hyper-
tension, obesity and type 2 diabetes mellitus [1-5].
Enhancing insulin action on glucose uptake and metabo-
lism in skeletal muscle, a major insulin target tissue reg-
ulating whole-body metabolism, constitutes one possible
strategy for normalising glycaemia and glucose homeo-
stasis in insulin-resistant humans. Defects in whole-body
glucose uptake are closely linked to impaired insulin-
stimulated glucose transport activity [6]. GLUT4, the
major glucose transporter expressed in skeletal muscle [7, §],
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plays a distinct role in mediating glucose transport under
insulin-stimulated conditions [9]. Thus, experimental as
well as pharmacological treatment regimes that increase
glucose transporter expression have a positive impact on
whole-body glucose homeostasis [10-12].

Genes dependent on myocyte-specific enhancer factor 2
(MEF2) encode a wide array of proteins, including muscle-
specific enzymes, structural proteins and other transcription
factors. Through high-affinity binding to the GLUT4 gene
promoter [13], MEF2 regulates GLUT4 expression in skel-
etal muscle and adipose tissue [14]. The GLUT4 MEF?2 site
(—473/-464) is required for tissue-specific and hormonal/
metabolic regulation of glucose transporters [15], providing
a link between this transcription factor and GLUT4 reg-
ulation. MEF2A, MEF2C and MEF2D isoforms, but not
the MEF2B isoform, are expressed in skeletal muscle and
heart [16, 17], and functional differences among the MEF2
isoforms exist [18]. In skeletal muscle and heart of diabetic
mice, MEF2 DNA-binding activity is substantially reduced
and correlated with a decrease in GLUT4 transcription rate.
MEF2 DNA binding activity is completely normalised after
insulin treatment. Peroxisomal proliferator activator recep-
tor (PPAR) gamma co-activator (PGC) 1 is a coactivator of
MEF2 [19]. PGC1 has recently been highlighted as an
important regulator of gluconeogenesis, fatty-acid oxida-
tion and adaptive thermogenesis [20]. Moreover, PGClI
expression is reduced in skeletal muscle of prediabetic and
diabetic subjects [21]. We hypothesised that MEF2 iso-
forms and PGC1 play a critical role in skeletal muscle me-
tabolism and that activation of these targets may enhance
the metabolic profile of skeletal muscle.

Several pharmacological agents have been tested for their
relative effects on insulin action and the potential for pre-
vention of the metabolic syndrome [22-25]. Thiazolidine-
diones (i.e. PPAR gamma agonists such as rosiglitazone) act
primarily on peripheral insulin sensitivity and also have
positive effects on fasting levels of NEFA and inflammatory
markers [26-28]. Conversely, metformin acts mainly on the
liver, at least partly through activation of AMP-activated
kinase (AMPK) [29]. AICAR (5-aminoimidazole-4-carbo-
xamide ribonucleoside) is an adenosine analogue, which
also acts through AMPK [30], but in a more selective man-
ner than metformin. AICAR treatment decreases blood glu-
cose and insulin concentrations in animals, but the safety
profile of this compound remains unclear [31]. The effect of
these treatments on gene regulatory responses in human
skeletal muscle is largely unknown. We determined the
effect of long-term treatment of these diverse antidiabetic
drugs on glucose transporters and transcription factors in-
volved in insulin sensitivity and gene regulatory responses
in primary human skeletal muscle cultures.

Subjects, materials and methods

Subject characteristics Muscle biopsies were obtained
with the informed consent of the donors during scheduled
abdominal surgery. The subjects (three men, three women)
had no known metabolic disorder. Their mean age was 43+

6.7 years, BMI was 26+2.4 and fasting blood glucose was
5.3+0.3 mmol/l. The ethical committee at the Karolinska
Institute approved the study protocols.

Materials DMEM, Ham’s F-10 medium, fetal bovine
serum, penicillin, streptomycin and Fungizone were ob-
tained from Gibco BRL (Invitrogen, Stockholm, Sweden).
Rosiglitazone was a generous gift from Glaxo SmithKline
(Middlesex, UK). Myotubes were treated with rosiglita-
zone, metformin (1,1-dimethylbiguanide; Sigma, St Louis,
MO, USA), AICAR (Sigma) or insulin (Actrapid; Novo
Nordisk, Gentofte, Denmark) as described below. The poly-
clonal GLUT4 antiserum was generated by H. Haspel and
kindly provided by A. Lange (University of Minnesota, Min-
neapolis, MN, USA).

Cell culture and differentiation Muscle biopsies (rectus
abdominus, ~1-3 g) were collected in cold PBS sup-
plemented with 1% PeSt (100 units/ml penicillin/100 pg/ml
streptomycin). Satellite cells were isolated and cultured
as described [32]. Myoblasts were grown in growth me-
dium (5.5 mmol/l glucose Ham’s F-10 medium/20% fetal
calf serum), which was replaced, when differentiation was
initiated, with differentiation medium (5.5 mmol/l glucose
DMEM/4% fetal calf serum for 2 days, thereafter 2% fetal
calf serum). Differentiation of myoblasts to myotubes was
started with 8-day treatment without or with rosiglitazone
(10 wmol/l), insulin (400 pmol/l), metformin (20 umol/l),
AICAR (200 pumol/l) and glucose (25 mmol/l). The final
concentration of DMSO was adjusted to 0.1% for each
group (without or with reagents). On the day of the assay,
the myotubes were washed free of reagents and incubated
with serum-free DMEM for 6 h and used for RNA analysis.

Giemsa/Wright staining To assess the extent of differen-
tiation, myotubes were fixed in methanol (10 min), 1:10
Giemsa (15 min) and 1:10 Wright stain (20 min). Cells
were washed with double-distilled water and mono- or
multinucleated cells were observed under a phase-contrast
inverted light microscope.

Glycogen synthesis The glycogen synthesis assay proce-
dure was performed as described [33]. Myotubes in 6-well
dishes were treated as described above and were serum-
starved for 6 h prior to assay. Thereafter, myotubes were
stimulated without or with insulin (6 or 60 nmol/l) for 30
min at 37°C and incubated with 5 mmol/l glucose DMEM,
supplemented with p-[U-"*C]glucose (18 kBg/ml; final
specific activity 6.66 kBg/umol) for 90 min. Each ex-
periment was performed on duplicate wells.

Real-time PCR analysis of mRNA expression Cells were
cultured in 100 mmol/1 dishes as described above. Cultures
were washed three times with RNase-free PBS, and har-
vested directly for RNA extraction (RNAeasy Mini Kit;
Qiagen, Crawley, UK). All RNA was DNase-treated before
reverse transcription (RQ1 RNase-free DNase; Promega,
Southampton, UK). The mRNA concentrations of target
genes were determined, and cDNA (50 pl) was prepared



Table 1 Primer and probe sequences used for real time PCR analysis

1175

Sense Probe Antisense

MEF2A CAGCACCACCTAGGACAAGCA CTCAGCTCTCTTGTTG TGGATAAATTGGAACC
CTGGAGGGCA CTGAGATAA

MEF2C CCTACATAACATGCCACCATCTG TCAGTCAGTTGGGAG AGGGAGAGATTTGAA
CTTGCACTAGCAC CTCTGAGATAAA

MEF2D CGCTCTTTGCCGTGACAAC CCGGGCTGGAGGC GTTCATGGTCTGCAG
TGTGC GATACCTT

hGLUT-4 GCTACCTCTACATCATCCAGAATCTC CTGCCAGAAAGAGT CCAGAAACATCGGCCCA
CTGAAGCGCCT

hGLUT-1 CCTGTGGGAGCCTGCAAA CACTGCTCAAGAAGAC TCTATACACAACAGG

GCAGGAGTCT

hPGCl1 AGAGACAAATGCACCTCCAAAAA AAGTCCCACACACAGT AAAGTTGTTGGTTTGG

CGCAGTCACAA CTTGTAAGT

Human 18S primer/probe complexes were from assays-on-demand products, Applied Biosystems. The primers and probe concentrations

ranged from 300 to 900 nmol/l

from 1 ug RNA samples using the TagMan reverse tran-
scription reagent (Applied Biosystems, Foster City, CA,
USA). The cDNA products were diluted fourfold before
use. The quantification of PCR products was analysed
by real-time PCR (TagMan) using a standard curve meth-
od (User Bulletin 2, ABI PRISM 7900 Sequence Detec-
tion System). All samples (1 ul per well for real-time PCR
analysis) were analysed in triplicate. The ABI Prism 7900
HT Sequence Detection System (Applied Biosystems) was
used for analysis. The sequences of the primers and probes
were either designed using published data (PubMed) or
Primer Express software (Perkin Elmer, Wellesley, MA,
USA), or acquired by assays-on-demand (Applied Bio-
systems). The primer and probe sequences are given in
Table 1. To verify the lack of contamination by genomic
DNA, each sample was run in parallel under identical con-
ditions, but containing a sample in which the reverse
transcription reagent had been omitted from the cDNA

synthesis. The control samples indicated that there was no
genomic contamination in the total RNA preparation (data
not shown). All data were analysed by using the values of
the 78S gene levels as a baseline. Two other housekeeping
genes (3, microglobulin and GAPDH) were also assessed,
but the /8S gene levels showed least variation between
different conditions.

Western blot analysis Cell monolayers were washed once
in ice-cold PBS and harvested directly by scraping into ice-
cold lysis buffer (135 mmol/l NaCl, 1 mmol/l MgCl,, 2.7
mmol/l KCI, 20 mmol/l Tris pH 8.0, 0.5 mmol/l NazVOy,,
10 mmol/l NaF, 1% Triton X-100, 10% v/v glycerol, 0.2
mmol/l phenylmethylsulphonyl, 10 pg/ml leupeptin, 10 pg/ml
antipain and 10 pg/ml aprotinin). Homogenates were ro-
tated for 60 min at 4°C and subjected to centrifugation
(20,000xg) for 10 min at 4°C. Following protein determi-
nation, western blotting was performed as described [18].

Fig. 1 Effect of acute (20 min) 250 1 #
exposure to antidiabetic agents
on glycogen synthesis. Myo-
tubes were treated with rosigli- —_
tazone (Rosi) (10 pmol/l), 'E i
insulin (60 nmol/l), metformin = 200
(20 umol/1) or AICAR (200 pmol/l). ’?
Glycogen synthesis was calcu- T *
lated as picomoles of glucose n o *
per milligram per minute. Data g € 150 1 I
are percentages of basal condi- 5 =
gioniSEM (n=5). * p<0.05; - g
'p<0.005 g s
© « 1007
o=
a3
o
o
2 50
2
0 T T T 1
Basal Insulin Rosi Metformin AICAR



1176

a b c400

400 - 400 ]
— *
[+
] 300
m 7 -
8 300 300
o
£ 200 - 200 200 4
[]
L
[ i 4 100 4
o 100 100

0 0 0 T
0 6 60 0 6 60 0 6 60

Insulin (nmol/l)

Fig. 2 Effect of chronic exposure (8 days) to antidiabetic agents on
basal and insulin-stimulated (6 and 60 nmol/l) glucose incorporation
into glycogen. Myotubes were treated for 8§ days without or with
rosiglitazone (10 pmol/l), insulin (400 pmol/l), metformin (20 pmol/l),
AICAR (200 pmol/l) or glucose (25 mmol/l). a Comparison of
glycogen synthesis between basal (diamonds and solid line), insulin
(solid squares and dotted line), AICAR (solid triangles and dashed

Statistical analysis Data are presented as means+SEM.
Statistical differences were determined by Student’s z-test
or ANOVA using Fisher’s least significant difference test
for post hoc determination. Significance was accepted at a
p value of p<0.05.

Results

Cell morphology Myotubes were stained with Giemsa/
Wright staining in order to follow the morphological changes
in myotubes after long-term stimulation with different agents.
Cell detachment, multinucleation of myotubes and cell death
were unaltered when untreated and treated myotubes were
compared (data not shown).

Glycogen synthesis The effect of acute (20 min) exposure
to insulin (60 nmol/l), rosiglitazone (10 pmol/l), metformin
(20 pmol/l) or AICAR (200 wmol/l) on glycogen synthesis
was determined in primary human skeletal muscle cultures
(Fig. 1). Insulin treatment increased glycogen synthesis
twofold (p<0.05). Acute exposure to rosiglitazone did not
alter glycogen synthesis. In contrast, metformin and Al
CAR treatment each led to a modest increase in glycogen
synthesis (1.3- and 1.4-fold, p<0.05 for both).

The chronic effect (4- or 8-day exposure) on glycogen
synthesis of insulin (400 pmol/l), glucose (25 mmol/l),
rosiglitazone (10 pmol/l), metformin (20 pmol/l) or Al

Insulin (nmol/l)

Insulin (nmol/l)

line) and glucose (open squares and dashed/dotted line). b Com-
parison of glycogen synthesis between basal (as a), insulin (as a)
and metformin (solid triangles and dashed line). ¢ Comparison
of glycogen synthesis between basal (as a), insulin (as a) and
rosiglitazone (solid triangles and dashed line). Data are percent-
ages of basal conditiontSE (n=6). *p<0.05 compared with same
condition in untreated (basal) cells

CAR (200 pmol/l) was determined (Fig. 2). Myotubes were
washed prior to measurement of basal and insulin-stimu-
lated glycogen synthesis. Four days of exposure to 25
mmol/l glucose reduced the action of insulin on glycogen
synthesis. This effect was even more pronounced after 8
days exposure to 25 mmol/l glucose. Chronic exposure to
insulin, rosiglitazone, metformin or AICAR for 4 days in-
creased basal glycogen synthesis, but was without effect on
insulin-mediated glycogen synthesis (data not shown).
Exposure of myotubes for 8 days to 400 pmol/l insulin
was associated with an increase in basal (148%, p<0.05)
and insulin-stimulated (at 6 and 60 nmol/l insulin con-
centration respectively, p<0.05) glycogen synthesis. Eight
days of chronic exposure to glucose reduced basal (26%
decrease, p<0.05) and insulin-stimulated glycogen syn-
thesis (20 and 15% decrease with 6 and 60 nmol/l insulin,
respectively, p<0.05; Fig. 2a) compared with untreated
myotube cultures. Metformin (Fig. 2a) and rosiglitazone
(Fig. 2b) increased basal (120 and 127% respectively) and
insulin-stimulated glycogen synthesis at high insulin con-
centrations (125 and 136% respectively, p<0.05). AICAR
(Fig. 2c) did not increase basal glycogen synthesis but
increased insulin-stimulated glycogen synthesis moder-
ately in the presence of 60 nmol/l insulin (113%, p<0.05).

mRNA expression The chronic effect of insulin (400 pmol/
1), glucose (25 mmol/l), rosiglitazone (10 pmol/l), metfor-
min (20 pmol/l) or AICAR (200 pmol/l) on mRNA expres-

Table 2 mRNA expression pro-

le2 ) Treatment PGC1 GLUT4 GLUTI MEF2a MEF2¢ MEF2d
file in primary human skeletal
muscle myotubes after 8 days 5 1000 1000 1000 1000 1000 1000
exposure to insulin, rosiglita- )
zone, metformin, AICAR or Insulin 163227 2024387 110+11 1109 115472 1056
hyperglycaemia AICAR 114%15 139424 175417 111+7 81+7° 105+11

Metformin 1954352 179222 121421 142+11° 165424 149+17°

. Rosiglitazone 1694242 177424 130421 1094 99+8 1109
p<0.05 vs untreated myotubes 5, 0o 16035 119419 129£11°  101%9 9913 11211

(basal)




Fig. 3 a Protein expression of
GLUT4 in lysates from myo-
tubes treated for § days without
or with rosiglitazone (10 pmol/1),
insulin (400 pmol/l), metformin
(20 umol/1), AICAR (200 pmol/l)
or glucose (25 mmol/l). Graph
shows summarised data from
four separate subjects; inset
shows a representative autora-
diogram. b Correlation between
changes in insulin-stimulated
glycogen synthesis and GLUT4
mRNA expression. Changes in
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sion of glucose transporters and transcription factors was
determined (Table 2). Exposure to insulin, rosiglitazone
or metformin increased PGC1 mRNA expression. Simi-
larly, exposure to insulin, rosiglitazone or metformin in-
creased GLUT4 mRNA and protein expression (Table 2
and Fig. 3a). Furthermore, the increase in insulin-stimu-
lated glycogen synthesis was positively correlated with
the increase in GLUT4 mRNA (Fig. 3b).

AICAR treatment increased GLUT1 mRNA and de-
creased MEF2C mRNA expression. Metformin increased
mRNA expression of all MEF2 isoforms. Insulin led to a
selective increase in MEF2C mRNA expression, with no
effect noted on the other MEF2 isoforms. Exposure to high
glucose concentrations (25 mmol/l) increased GLUT1 mR
NA expression, but was without effects on the other genes.

Discussion

Therapeutic agents that effectively and selectively target
skeletal muscle insulin sensitivity are lacking. Currently
available antidiabetic drugs mainly target beta cell func-
tion (sulphonylureas), hepatic glucose output (metformin)
or adipose tissue (thiazolidinediones). However, several of
the existing antidiabetic drugs appear to have at least some
additional (direct or indirect) effects on skeletal muscle. In
this study we provide evidence that treatment of human
skeletal muscle cells with antidiabetic agents increases in-

A Insulin-stimulated glycogen synthesis

sulin-stimulated glycogen synthesis. Moreover, the improve-
ment in insulin action after exposure to these treatments is
correlated with increased mRNA expression of GLUTA4.
Defects in skeletal muscle glycogen synthesis have been
shown to play a central role in insulin resistance [34]. Tar-
geted antisense-mediated reduction of glycogen synthase
protein in cultured muscle leads to reduced insulin action
[35]. In this context, glycogen synthase activity, hexokinase
activity and glucose transport are all considered important
rate-controlling factors contributing to glucose homeostasis
[36]. Exposure of human myotubes to a high concentration
of glucose for 8 days impaired insulin action on glycogen
synthesis. Our results are consistent with previous work
showing that 4 days of hyperglycaemia reduces basal [37]
and insulin-stimulated glycogen synthesis [37, 38].
Whether high glucose treatment slows or decreases the
differentiation of myocytes to myotubes is unknown. How-
ever, the morphological profile of the myotubes was un-
changed following any of the treatments investigated here.
The increased glycogen synthesis and mRNA expression of
PGC1, GLUT4 and MEF2C after long-term treatment with
insulin may suggest enhanced myogenesis, although this is
unlikely since the morphological pattern was unaltered.
Marked changes in morphology and skeletal muscle cell
differentiation have been reported following 5 days of ex-
posure to high concentrations of troglitazone, another thia-
zolidinedione [39]. However, after rosiglitazone exposure,
the morphology of the primary human skeletal muscle cells
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was unaltered. The difference between rosiglitazone and
troglitazone in their effects on muscle morphology may be
due to differences in the concentration of glitazone studied
or a compound-specific effect. Interestingly, short-term ex-
posure (1 day) of primary human muscle cells to troglita-
zone enhanced insulin action, similar to the results reported
here for rosiglitazone [39].

Most in vitro studies conducted to dissect the effects of
rosiglitazone and metformin on metabolic and gene-reg-
ulatory responses have been performed using adipocytes
or hepatocytes. Direct effects of troglitazone have pre-
viously been reported on cell lipid metabolism [40], gene
expression [41] and glucose uptake [39, 42] in human
skeletal muscle. Here we report that 8 days of rosiglita-
zone treatment increases glycogen synthesis in the absence
or presence of insulin, and these changes are accompanied
by increased expression of GLUT4 and PGC1 mRNA. In
our hands, GLUT4 and GLUT1 mRNA and protein ex-
pression are positively correlated in differentiating human
skeletal muscle cells (data available upon request). In
contrast to these findings, in L6 myotubes rosiglitazone has
been suggested to increase GLUT4 translocation, but not
protein or mRNA content [43]. However, this particular
conclusion was based on a much shorter rosiglitazone ex-
posure (24 h), which may be insufficient to mediate gene-
regulatory responses. Furthermore, in soleus muscle from
insulin-resistant PD/Cub rats, 14 days of rosiglitazone
treatment increased insulin-stimulated glycogen synthesis
[44]. Thus, in human muscle cells, part of the insulin-sen-
sitising effect of rosiglitazone can be attributed to changes
in mRNA and protein expression of glucose transporters.

AICAR activates AMPK and stimulates glucose uptake
in skeletal muscle [45]. In the present study, acute AICAR
treatment increased glycogen synthesis, while chronic (8 days)
AICAR treatment was without effect on insulin action, as
assessed by glycogen synthesis, or expression of GLUT4
or PGC1 mRNAs. The acute responses are consistent with
findings in rat skeletal muscle [31, 46] and perfused hind-
limb [47], where AICAR treatment increased GLUT4 ex-
pression and translocation respectively. Furthermore, chronic
AICAR treatment of Clone 9 cells increased glucose uptake
[48]. Based on the observation that GLUTI content was
unchanged in the plasma membranes of AICAR-treated
Clone 9 cells, the effects on glucose uptake were proposed
to activate pre-existing plasma membrane GLUTI trans-
porters. Nevertheless, our present data reveal that chronic
AICAR treatment in human myotubes selectively increases
GLUTI, but not GLUT4, expression. Moreover, in human
myotubes exposed to AICAR for 8 days, mRNA expression
of MEF2C was reduced. Whether AICAR has a negative
effect on the regulation of myogenesis in this cell system
remains to be demonstrated, but no such effects have pre-
viously been suggested. However, MEF2C is involved in
the regulation of differentiation-specific genes [16] and sup-
pression of this gene may repress gene-regulatory responses.

Metformin treatment of cells increases GLUT4 recruit-
ment and increases glycogen synthesis [49]. Here we dem-
onstrate that chronic metformin exposure increases the
expression of GLUT4, PGC1 and all MEF2 isoforms (A, C

and D) and increases the rate of basal and insulin-stimulated
glycogen synthesis. Metformin has been suggested to in-
crease AMPK activity [29]. Interestingly, in human myo-
tubes, metformin treatment was more potent than AICAR in
increasing GLUT4 expression and in enhancing insulin
sensitivity, suggesting that metformin activates additional
AMPK-independent pathways.

In summary, exposure of human myotubes to metfor-
min and rosiglitazone, two currently available antidiabetic
agents, was associated with direct enhancement of the ac-
tion of insulin in cultured skeletal muscle. The increase in
insulin action correlated with increased mRNA expression
of GLUT4. Increased expression of PGC1, GLUT4 and
MEF2 mRNA after antidiabetic treatment provides a mo-
lecular mechanism for increased carbohydrate metabolism,
cellular survival and gene-regulatory responses that confer
improved skeletal muscle metabolic function in insulin-
resistant and diabetic subjects.
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