
Abstract

Aims/hypothesis. The present study was conducted to
evaluate the effect of hyperglycaemia in itself on glu-
cose and lipid metabolism in human skeletal muscle
cells.
Methods. Satellite cells were isolated from biopsy
samples from the vastus lateralis muscle and differen-
tiated into multinucleated myotubes in cultures. Me-
tabolism studies were performed using isotopes
([3H]deoxyglucose, [14C]glucose, [14C]oleic acid and
[14C]palmitic acid), and mRNA and protein levels
were analysed by real-time RT-PCR and western blot-
ting respectively.
Results. Exposure of myotubes to 20 mmol/l glucose
for 4 days reduced insulin-stimulated glucose uptake
and glycogen synthesis to 57±5% (p<0.0001) and
56±5% (p<0.0001) of normoglycaemic (5.5 mmol/l
glucose) controls respectively. Basal glucose uptake
and glycogen synthesis were both reduced, whereas
glucose oxidation was unaltered. Total cell content of
glycogen and expression of GLUT1 and GLUT4
mRNA were not affected. There was a significant in-
crease in the incorporation of glucose into cellular
NEFA (88±17% increase, p=0.006), triacylglycerol
(44±21% increase, p=0.04) and cholesterol ester

(89±36% increase, p=0.02) in hyperglycaemic my-
otubes compared with controls. Diacylglycerol tended
to be increased though not significantly, and phospho-
lipid formation were unchanged. Relative to controls,
total cell content of triacylglycerol was increased by
25±7% (p=0.02) and acyl-CoA:1,2-diacylglycerol ac-
yltransferase 1 activity was increased by 34±4%
(p=0.004), whereas acyl-CoA:1,2-diacylglycerol acyl-
transferase 1 mRNA expression was unchanged. Total
cellular uptake of palmitic acid was reduced by
18±3% (p=0.006) in hyperglycaemic cells compared
with controls, while uptake of oleic acid was un-
changed. Oxidation of palmitic acid or oleic acid was
not affected by hyperglycaemia.
Conclusions/interpretation. Chronic hyperglycaemia
increased triacylglycerol accumulation and the incor-
poration of carbohydrate into triacylglycerol (i.e. de
novo lipogenesis) concomitantly with a reduced insu-
lin-stimulated glucose uptake and glycogen synthesis.
Enhanced acyl-CoA:1,2-diacylglycerol acyltransferase
1 activity supported the increased triacylglycerol syn-
thesis during hyperglycaemia.
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Introduction

Hyperglycaemia significantly contributes to insulin re-
sistance in skeletal muscle [1, 2, 3, 4]. The mechanism
of this glucose toxicity in muscle is probably com-
plex. One possible effect of glucose oversupply can be
an increased muscular glycogen content. The glyco-
gen concentration of skeletal muscle has been shown
to be inversely correlated with both basal and insulin-
stimulated glucose uptake [5]. It is possible that im-
paired insulin-stimulated glucose uptake can be at-
tributed to a reduction in the number of GLUT4 glu-
cose transporters in the plasma membrane [6]. Insulin
normally stimulates GLUT4 translocation through a



mechanism dependent on phosphoinositide 3-kinase
activity, which may also involve the downstream tar-
gets protein kinase B (PKB) and atypical protein 
kinase C (PKC) [7, 8]. Derave et al. [9] demonstrated
that muscle glycogen content affects insulin-stimulat-
ed GLUT4 translocation and PKB activity in fast-
twitch muscles. If hyperglycaemia increases muscular
glycogen content, this could provide a feasible expla-
nation for the observed reduction in insulin-stimulated
glucose uptake. Expression of the glucose transporters
GLUT1 and GLUT4 may also be affected by hyper-
glycaemia [10, 11].

Glucose oversupply has also been associated with
an increase in muscle triacylglycerol (TAG) and malo-
nyl-CoA [12, 13]. Muscular TAG content is strongly
related to insulin resistance [14], and malonyl-CoA is
known to inhibit carnitine palmitoyltransferase 1
(CPT-1), which is responsible for the transport of long-
chain acyl-CoA into the mitochondria [15, 16]. Lay-
butt et al. [13] reported increased intramuscular levels
of both long-chain acyl-CoA and malonyl-CoA after
chronic glucose infusion in rats. These changes corre-
lated with the chronic activation of PKC-ε. Precisely
how glucose oversupply leads to lipid accumulation,
and how this is linked to PKC activation, remains to be
established. De novo lipogenesis is not assumed to
take place in human skeletal muscles to a significant
extent. However, even if glucose is not involved in lip-
id accumulation, it has been reported to have a nega-
tive effect on insulin signalling mediated by PKC iso-
forms in several cell systems [17, 18, 19, 20].

The present study aimed to examine the effects of
hyperglycaemia in itself on skeletal muscle. The ef-
fects of glucose oversupply can be difficult to study in
vivo, where it most often appears in conjunction with
hyperinsulinaemia and disturbances in lipid metabo-
lism. Consequently, we opted to study glucose and lip-
id metabolism in human skeletal muscle cells in vitro
after exposure to chronic high glucose concentrations.

Materials and methods

Materials. The skeletal muscle cell growth medium Bullet 
kit was obtained from Clonetics (BioWhittaker, Verviers, 
Belgium). Ham’s F-10 medium, trypsin/EDTA, FCS, penicil-
lin/streptomycin (10,000 IE/10,000 µg/ml), fungizone, L-gluta-
mine and minimum essential medium α medium (αMEM)
were from Gibco BRL (Paisley, UK). Extracellular matrix gel,
cytochalasin B, BSA (essentially fatty acid free), L-carnitine,
2-deoxy-D-glucose and glycogen (rabbit liver) were from Sig-
ma-Aldrich (St. Louis, Mo., USA). We obtained 2-[3H(G)]de-
oxy-D-glucose (370 GBq/mmol), D-[14C(U)]glucose (448
MBq/mmol), D-[1-14C]glucose (2.04 GBq/mmol), [1-14C]oleic
acid (1.96 GBq/mmol) and [1-14C]palmitic acid (2.0 GBq/
mmol) from Du Pont NEN Life Sciences Products (Boston,
Mass., USA). Insulin Actrapid was from Novo Nordisk
(Bagsvaerd, Denmark). Amyloglucosidase and glucose-6-
phosphate dehydrogenase were from Boehringer Ingelheim
(Ingelheim am Rhein, Germany). Thin-layer chromatography
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plates (Silica gel) were from Merck (Darmstadt, Germany).
The scintillation liquids Instagel and Hionic were from
Packard Bioscience (Groningen, The Netherlands).

Human skeletal muscle cell cultures. A cell bank of satellite
cells was established from muscle biopsy samples of the vastus
lateralis muscle from four healthy volunteers (age 24.8±1.1
years, BMI 22.2±1.5, fasting glucose and insulin within the
normal range and no family history of diabetes). The biopsies
were obtained with informed consent and approval by the Na-
tional Committee for Research Ethics, Oslo, Norway. Muscle
cell cultures free of fibroblasts were established as previously
described [21] with minor modifications. Briefly, muscle tissue
was dissected in Ham’s F-10 media at 4 °C, dissociated by
three successive treatments with 0.05% trypsin/EDTA, and
then satellite cells were resuspended in skeletal cell growth
medium with 2% FCS and no added insulin. The cells were
grown on culture wells coated with extracellular matrix gel
[22]. After 2 to 3 weeks at about 80% confluence, fusion of
myoblasts into multinucleated myotubes was achieved by
growth for 8 days in αMEM with 2% FCS. Hyperglycaemic
medium was made by the addition of glucose (to a concentra-
tion of 10 or 20 mmol/l) to αMEM with 2% FCS. All cells
used in the experiments were at passage 3 to 6.

Deoxyglucose uptake. Myotubes were incubated for 60 min
(37 °C, 5% CO2) in serum-free αMEM containing 5.5 mmol/l
glucose (± insulin), before adding 2-[3H(G)]deoxy-D-glucose
(3.7 and 37 kBq/ml) and insulin (1–100 nmol/l). Deoxyglucose
uptake was measured after incubation in medium containing
5.5 mmol/l glucose for 60 min or 10 µmol/l unlabelled deoxy-
glucose for 15 min. After incubation, the cells were washed
three times with ice-cold PBS, lysed with 0.05 mol/l NaOH
and radioactivity was counted by liquid scintillation. Non-
carrier-mediated uptake was determined in the presence of 
cytochalasin B (5 µmol/l) and subtracted from all presented
values. The protein content of each sample was determined as
described previously [23], and glucose uptake is presented
as nmol glucose·mg cell protein−1·min−1. The effect of hyper-
glycaemia was not reversed by 1 h of incubation in 5.5 mmol/l
glucose: glucose uptake was 105±3% that of cells pre-treated
for 1 h in serum-free 20 nmol/l glucose. Insulin-stimulated glu-
cose uptake was linear within 2 h, and the effect of hypergly-
caemia was not reversed by pre-treatment for 1 h in normogly-
caemic αMEM (data not shown).

Glycogen synthesis. Myotubes were incubated for 60 min
(37 °C, 5% CO2) in serum-free αMEM (± insulin), before
adding D-[14C(U)]glucose (37 and 74 kBq/ml, 5.5 mmol/l) and
insulin (1–100 nmol/l). After 60 to 120 min, the cells were
washed three times with ice-cold PBS and lysed with 1 mol/l
KOH. Synthesised glycogen was measured as described [24].
Glycogen synthesis increased linearly within 4 h after insulin
stimulation and is presented as nmol·mg cell protein−1·h−1.

Glucose oxidation. Myotubes were incubated with D-[1-14C]
glucose (18.5 KBq/ml, 5.5 mmol/l), 20 mmol/l HEPES with or
without 100 nmol/l insulin in serum-free αMEM in airtight
12.5 cm2 bottles with stopper tops. After 2 h, 300 µl of phenyl
ethylamine : methanol (1:1 v/v) was added with a syringe to a
centre well containing a folded filter paper. Subsequently,
300 µl of 1 mol/l perchloric acid was added to the cells through
the stopper tops using a syringe. The flasks were placed for a
minimum of 4 h at room temperature to trap labelled CO2. The
filter paper was counted by liquid scintillation. Glucose oxida-
tion is presented as nmol/mg cell protein. No-cell controls
were included to correct for non-specific CO2 trapping.
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Glycogen content. Myotubes were dissolved in 1 mol/l KOH,
and the glycogen was hydrolysed to glucose with amyloglu-
cosidase in acetate buffer as described previously [25]. Glu-
cose units were measured fluorometrically by the method of
Lowry and Passonneau [26].

Lipid distribution. Myotubes were incubated with either [1-
14C]oleic acid (18.5 kBq/ml, 0.6 mmol/l) or [1-14C]palmitic
acid (18.5 kBq/ml, 0.6 mmol/l) plus or minus insulin
(100 nmol/l) for 4 h before they were harvested into ice-cold
PBS, centrifuged (1000 g, 5 min), resuspended in distilled wa-
ter and sonicated. Cell-associated lipids were extracted with
chloroform : methanol as described [27]. Briefly, 400 µl of cell
homogenate was mixed with 8 ml of chloroform : methanol
(2:1 v/v), and FCS (30 µl) was added as a carrier. After 30 min,
1.6 ml of 0.9% NaCl (pH 2) was added and the mixture was
centrifuged (1000 g, 5 min). The organic phase was evaporated
under a steam of nitrogen at 40 °C. The residual lipid extract
was re-dissolved in 200 µl of n-hexane and separated by thin-
layer chromatography using hexane : diethylether : acetic acid
(65:35:1) as the mobile phase. The bands were visualised with
iodine, excised and counted by liquid scintillation. Lipids were
also extracted after incubation of myotubes with D-[14C(U)]
glucose (74 and 111 kBq/ml, 5.5 mmol/l or 20 mmol/l) for
24 h.

Lipid oxidation. Cells were incubated in serum-free αMEM
with 0.5 mmol/l L-carnitine, 20 mmol/l HEPES, [1-14C]oleic
acid (18.5 kBq/ml, 0.6 mmol/l) with or without 100 nmol/l of
insulin, to study basal and insulin-mediated lipid oxidation.
Flasks were made airtight using stopper tops. After 4 h, 300 µl
of phenyl ethylamine : methanol (1:1 v/v) was added with a 
syringe to a centre well containing a folded filter paper. Subse-
quently, 300 µl of 1 mol/l perchloric acid was added to the
cells through the stopper tops using a syringe. The flasks were
placed for a minimum of 4 h at room temperature to trap la-
belled CO2. No-cell controls were included to correct for un-
specific CO2 trapping. Radioactivity associated with the filter
paper was counted by liquid scintillation.

To measure acid-soluble metabolites (ASM; fatty acid β-
oxidation products), the cells were transferred to plastic tubes,
and the flasks were rinsed with 1.5 ml of perchloric acid
(1 mol/l) that was subsequently added to the same plastic tube.
The tubes were then centrifuged for 10 min (1800 g) and
1.0 ml of the supernatant was counted by liquid scintillation.
ASM were also measured in the growth media of cells grown
on six-well plates that had been incubated with [1-14C]oleic
acid and [1-14C]palmitic acid. A 250-µl aliquot of the cell me-
dium was precipitated with 100 µl of 6% BSA and 1.0 ml of
1 mol/l perchloric acid. After centrifugation (1800 g), 500 µl of

the supernatant was counted by liquid scintillation. No-cell
controls were included.

Triacylglycerol content. Mass measurement of cellular TAG
was performed using an enzymatic kit (Triglyceride GPO-
Trinder, Sigma-Aldrich) after extraction of the cell samples 
according to Folch et al. [27] and redissolved in 50 µl of 
2-propanol.

Assay of acyl-CoA:1,2-diacylglycerol acyltransferase 1. Acyl-
CoA:1,2-diacylglycerol acyltransferase 1 (DGAT-1) activity
was measured as previously described [28]. Briefly, ho-
mogenised cells (1 mg/ml in 175 mmol/l TRIS, pH 7.8) were
mixed with 1,2-di[1-14C]oleoylglycerol (3.4 kBq/ml, 115
µmol/l), 20 µmol/l oleoyl-CoA, 1 mg/ml BSA, 8 mmol/l
MgCl2 and incubated at room temperature for 10 min before
the reaction was stopped by the addition of 20 volumes of
chloroform : methanol (2:1 v/v). The lipids were extracted and
separated by thin-layer chromatography as explained above
[27]. The TAG band was cut out and counted by liquid scintil-
lation.

RNA isolation and analysis of gene expression by real-time
PCR. Human skeletal muscle cells were washed, trypsinised
and pelleted before total RNA was isolated by RNeasy Mini
kit (50) (Qiagen Sciences, Md., USA) according to the suppli-
er’s total RNA isolation protocol. RNA samples were incubat-
ed with RNase-free DNase (Qiagen Sciences) for a minimum
of 15 min, in an additional step during the RNA isolation pro-
cedure. Total RNA was reversely transcribed with oligo
primers using a Perkin-Elmer Thermal Cycler 9600 (Boston,
Mass., USA; 25 °C for 10 min, 37 °C for 1 h, 99 °C for 5 min)
and a TaqMan reverse-transcription reagents kit (Applied
Biosystems, Warrington, UK). A 1-µg aliquot of total RNA
was added per ml of total TaqMan reaction solution. Real-time
PCR was performed using an ABI PRISM 7000 Detection Sys-
tem (Applied Biosystems). DNA expression was determined
by SYBR Green, and primers were designed using Primer Ex-
press (Applied Biosystems) (Table 1). Each target was quanti-
fied in triplicate and carried out in a 25-µl reaction volume ac-
cording to the supplier’s protocol. All assays were run for 40
cycles (95 °C for 12 s followed by 60 °C for 60 s). The tran-
scription levels were normalised to the housekeeping control
gene β-actin.

Immunoblotting. Aliquots containing 20 µg of cell protein (to-
tal cell lysate prepared in Laemmli buffer) were separated by
SDS-PAGE (using a 10% resolving gel) and transferred to
polyvinylidene difluoride membranes. The membranes were
immunoblotted with a phospho-Akt antibody (Ser473, Cell

Table 1. Characteristics of the PCR primers

Assay Sequence GenBank accession number

β-actin F: ACC GAG CGC GGC TAC A NM_001101
R: TCC TTA ATG TCA CGC ACG ATT T

DGAT-1 F: TCC ACT CCT GCC TGA ATG C AF059202
R: GGT GAC AGA CTC GGA GTT CCA

GLUT1 F: CAG CAG CCC TAA GGA TCT CTC A K03195
R: CCG GCT CGG CTG ACA TC

GLUT4 F: GCT ACC TCT ACA TCA TCC AGA ATC TC M20747
R: CCA GAA ACA TCG GCC CA

The accession number in the GenBank was used to design the primers in the Primer Express program. DGAT-1, acyl-CoA:1,2-di-
acylglycerol acyltransfease; F, forward primer; R, reverse primer
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Signaling Technology, Beverly, Mass., USA) and a rabbit poly-
clonal antibody raised against a recombinant protein corre-
sponding to amino acids 230-290 within human GLUT4 
(H-61, Santa Cruz Biotechnology, Santa Cruz, Calif., USA).
Immunoreactive bands were visualised with enhanced chemi-
luminescence (Amersham Biosciences, Buckinghamshire,
UK).

Lactate dehydrogenase. Human skeletal muscle cells were
grown in 24-well plates, differentiated and treated as described
above. Lactate dehydrogenase activity in the cells was mea-
sured by a cytotoxicity kit (Sigma-Aldrich) using a positive
control of cells treated with 1% Triton X-100. Control cells
were exposed to differentiation medium (αMEM with 2%
FCS).

Statistical methods. All data are presented as means ± SEM.
Statistical comparison between different treatments was per-
formed by ANOVA and the Student’s t test. A p value of less
than 0.05 was considered significant. All experiments were
performed with triplicate observations, and replicate experi-
ments were performed on cells from different donors.

Results

Insulin responsiveness of human skeletal muscle cells.
Differentiation of myoblasts into multinucleated my-
otubes was confirmed by light microscopy (data not
shown). At day 8 of differentiation the cells expressed
GLUT4, as assessed by western blotting (data not

shown) and real-time RT-PCR. Basal glucose uptake
was 124±18 nmol·mg protein−1·h−1 and basal glycogen
synthesis was 12±2 nmol·mg protein−1·h−1. Insulin
(100 nmol/l) increased glucose uptake by 56±11%
above the basal level (p=0.0003) and glycogen synthe-
sis by 110±8% above the basal level (p<0.0001).

Glucose metabolism after chronic hyperglycaemia.
Hyperglycaemia (10 and 20 mmol/l glucose) reduced
insulin-stimulated glucose uptake (Fig. 1a) and glyco-
gen synthesis (Fig. 1b) in a time- and dose-dependent
manner, with maximal reductions observed after 2
days of hyperglycaemia. After exposure to 10 mmol/l
glucose for 4 days, insulin-stimulated glucose uptake
was reduced to 75±3% of control values (p=0.0001),
while exposure to 20 mmol/l glucose for the same time
period reduced insulin-stimulated glucose uptake to
57±5% of control levels (p<0.0001). Glycogen synthe-
sis at 10 mmol/l glucose and 20 mmol/l glucose was
reduced to 64±4% (p<0.0001) and 56±5% (p<0.0001)
of control values respectively. In muscle cells exposed
to 20 mmol/l glucose for the last 4 days of the 8-day
differentiation period, insulin stimulated both glucose
uptake (Fig. 2a) and glycogen synthesis (Fig. 2b) in a
dose-dependent manner. Total glucose utilisation by
the cells was clearly reduced, although relative insulin
responses were maintained (Fig. 2c). The same was
true for insulin-stimulated glucose uptake (data not
shown). In contrast, glucose oxidation assessed by CO2
trapping after incubation of myotubes with [14C]glu-
cose was not affected by 4 days of hyperglycaemia.
Baseline glucose oxidation was 3.1±0.2 nmol·mg pro-
tein−1·h−1 in control cells and 3.7±0.5 nmol·mg pro-
tein−1·h−1 in hyperglycaemic cells (n=10).

The effect of hyperglycaemia on glycogen synthe-
sis was reversible (Fig. 3). In cells grown in hypergly-
caemic medium (20 mmol/l glucose) for the first 4
days of the differentiation period, glycogen synthesis
was reduced to 63% of control levels. Changing the
hyperglycaemic medium to a normoglycaemic medi-

Fig. 1. Relationship between duration of hyperglycaemia and
insulin-stimulated glucose uptake (a) and glycogen synthesis
(b) in myotubes. At about 80% confluence, differentiation of
myoblasts was induced and the cells were incubated in the
presence of either 10 (filled circles) or 20 (open circles)
mmol/l glucose for the indicated periods of time. Insulin-stim-
ulated (100 nmol/l) glucose uptake and glycogen synthesis
were measured on day 8 as described in Materials and meth-
ods. Values are means ± SEM from three separate experiments
with triplicate observations. * Non-stimulated glucose uptake
and glycogen synthesis
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um (5.5 mmol/l glucose) for the final 4 days of differ-
entiation reversed the effect of hyperglycaemia, in-
creasing glycogen synthesis to 116% of that in con-
trols. Cell behaviour was apparently not affected by
this treatment, and glycogen synthesis on day 4 did
not differ from glycogen synthesis on day 8 in control
cells. A toxic effect of hyperglycaemia was excluded
as there was no detectable lactate dehydrogenase ac-
tivity in the cell growth media after hyperglycaemia,
and both hyperglycaemic and control cells had similar
cell protein concentrations (data not shown).

Total cell glycogen, glucose transporters and protein
kinase B activity. The total cell content of glycogen
was not changed after 4 days in hyperglycaemia medi-
um (20 mmol/l glucose). The cell content of glycogen
was 396±92 nmol/mg cell protein in hyperglycaemic
cells compared with 358±65 nmol/mg cell protein in
controls (n=13, p=0.95). However, in cells treated
with 20 mmol/l glucose plus 100 nmol/l insulin, gly-
cogen content was significantly increased by 55±6%
(n=6, p=0.0002) after 4 days compared with controls,
indicating an insulin-dependent effect (Fig. 4).

Expression of GLUT1 and GLUT4 mRNAs, as mea-
sured by real-time RT-PCR, was not regulated by hy-
perglycaemia (Fig. 5). GLUT4 mRNA expression
seemed to be slightly reduced, but not significantly.

Activation of PKB, both basal and insulin-stimulated,
measured as protein phosphorylation at Ser473, was
also unchanged after chronic exposure to high glucose
concentrations (Fig. 6).

Metabolism of glucose to lipids. Cells were treated
with [14C]glucose (5.5 mmol/l or 20 mmol/l) for 24 h
to assess the effect of hyperglycaemia on cellular lipid
formation. In hyperglycaemic cells, the conversion of
labelled glucose into NEFA (88±17%, p=0.006), TAG
(44±21%, p=0.04) and cholesterol ester (CE) (89±36,

Fig. 2. Relationship between insulin concentration and (a) glu-
cose uptake and (b), (c) glycogen synthesis in normoglycaemic
(5.5 mmol/l glucose, filled circles) and hyperglycaemic
(20 mmol/l glucose, open circles) myotubes. Human skeletal
muscle cells were incubated with αMEM containing 2% FCS
and the requisite glucose concentration for 4 days during dif-
ferentiation before measurements were made. The cell medium
was changed to serum-free αMEM containing 5.5 mmol/l glu-
cose for 1 h prior to the measurements, and the cells were
stimulated with insulin. Values are means ± SEM from six (a)
and four (b), (c) independent experiments with triplicate obser-
vations respectively. Calculations are based on data in (b)

Fig. 3. Bar graph to show the reversible effect of hypergly-
caemia on glycogen synthesis. Basal glycogen synthesis was
assessed in human skeletal muscle cells treated with 20 mmol/l
glucose for 4 days (4 d HG) followed by another 4 days with
normoglycaemic medium containing 5.5 mmol/l glucose (4 d
HG + 4 d NG). Control measurements were made in cells
treated with normoglycaemic medium for 4 days (4 d NG) or 8
days (8 d NG). Values are means ± SEM. * Significantly lower
than normoglycaemic cells (p<0.05)
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p=0.02) was significantly increased compared with
controls (Fig. 7). Conversion into diacylglycerol also
tended to be increased, although not significantly
(13±8%, p=0.2) (Fig. 7), and phospholipids (PL) were

unaffected (data not shown). There was no significant
difference between control and hyperglycaemic cells
in the total amount of [14C]glucose-labelled cellular
lipids (30.5±4.1 vs 34.1±4.7 nmol/mg protein respec-
tively). The majority of the radioactivity was recov-
ered in the PL fraction in both the control (88±1%)
and hyperglycaemic cells (85±1%).

Total muscle cell content of TAG was significantly
increased by 25±7% after 4 days of hyperglycaemia
(p=0.02) (Fig. 8a). In line with this, DGAT-1 activity
was also increased in hyperglycaemic cells. Conver-
sion of 1,2-di[1-14C]oleoylglycerol into TAG was sig-
nificantly increased by 34±4% in hyperglycaemic
cells compared with controls (p=0.004) (Fig. 8b). This
elevated DGAT-1 activity was not due to increased ex-
pression of DGAT-1 mRNA (Fig. 8c).

Metabolism of oleic acid and palmitic acid after 
hyperglycaemia. Compared with normoglycaemic my-

Fig. 4. Myotubular glycogen content. Myotubes were incubat-
ed with hyperglycaemic medium (HG, 20 mmol/l glucose) or
normoglycaemic medium (NG, 5.5 mmol/l glucose) for 1 to 8
days prior to harvesting on the 8th day of differentiation. Re-
sults shown are for HG alone (open triangle), HG plus hyperin-
sulinaemia (100 nmol/l, closed triangle), NG alone (closed
square) and NG plus hyperinsulinaemia (100 nmol/l, open
square). Total cellular concentration of glycogen is given as
percentage of NG control, i.e. cells that were grown in
5.5 mmol/l glucose for 8 days and contained 358±65 nmol gly-
cogen/mg cell protein. Values are means ± SEM of two to five
experiments with triplicate observations. * Significantly in-
creased above NG control (p<0.02)

Fig. 5. Expression of GLUT1 and GLUT4 mRNAs after 4 days
of hyperglycaemia (HG). Skeletal muscle cells were treated
with HG medium (20 mmol/l glucose) from day 4 to 8 during
differentiation. At day 8, cells were harvested and total mRNA
was isolated by RNeasy Mini kit. Reverse-transcription and
real-time PCR were performed. GLUT1 and GLUT4 were
quantified relative to the housekeeping control β-actin. Values
are ratios between HG and control cells from five separate ex-
periments

Fig. 6. Phosphorylation of protein kinase B. At day 8 of differ-
entiation, normoglycaemic (NG) and hyperglycaemic (HG)
cells were stimulated with or without insulin (Ins, 100 nmol/l)
for 20 min before harvesting into Laemmli buffer. SDS-PAGE
with western blotting was then performed. Phosphorylated pro-
tein kinase B was detected using a monoclonal antibody direct-
ed against phosphorylated Ser473 (phospho-PKB). A represen-
tative blot from five separate experiments is shown

Fig. 7. Conversion of [14C]glucose to NEFA, diacylglycerol
(DAG), triacylglycerol (TAG) and cholesterol ester (CE).
[14C]glucose (111 kBq/ml, 5.5 mmol/l) was added to control
cells (open bars) and hyperglycaemic cells (hatched bars) for
the last 24 h of the differentiation period. Lipids were extracted
from the cells, separated by thin-layer chromatography and
quantified by liquid scintillation. Values are means ± SEM of
four separate experiments. *Significantly higher than normo-
glycaemic cells (p<0.05)
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otubes, total cellular uptake of [14C]palmitic acid was
significantly reduced in hyperglycaemic myotubes
(122.8±5.4 nmol/mg protein vs 148.9±7.0 nmol/mg
protein, p=0.007). This decreased uptake of palmitic
acid was reflected in the reduced incorporation of
palmitic acid into all lipid classes except diacylglyerol
(Table 2). Calculated as a percentage of the corre-
sponding control values, incorporation into PL was 
reduced to 84±5% (p=0.006), TAG to 83±3%
(p=0.0004), CE to 72±14% (p=0.08), non-esterified
intracellular palmitic acid to 76±9% (p=0.02) and to-
tal cellular lipids to 83±3% (p<0.0001) respectively.
The relative distribution of the lipid metabolites of

[14C]oleic acid was not altered by hyperglycaemia
(Table 3).

Fatty acid oxidation, measured as ASM in the cell
culture media of cells incubated with either [14C]
palmitic acid (Table 2) or [14C]oleic acid (Table 3),
was not affected by hyperglycaemia. Total fatty acid
oxidation (the sum of CO2 and ASM generated from
[14C]oleic acid) was also unchanged in hypergly-
caemic myotubes (104±7% of control; n=6). Acute in-
sulin addition (100 nmol/l) had no effect on oleic acid
oxidation when measured as CO2 generation, ASM
concentration or total fatty acid oxidation (data not
shown). Approximately 20% of total oleic acid oxida-

Fig. 8. Bar graphs to show (a) myotubular triacylglycerol
(TAG) content, (b) incorporation of 1,2-di[1-14C]oleoylglyc-
erol into TAG and (c) acyl-CoA:1,2-diacylglycerol acyltrans-
ferase (DGAT-1) mRNA expression in normoglycaemic (NG)
and hyperglycaemic (HG, 20 mmol/l glucose for 4 days) cells.

Expression of DGAT-1 mRNA was analysed by real-time RT-
PCR. Values are means ± SEM of eight (a), two (b) and five
(c) independent experiments. *Significantly higher than NG
cells (p<0.05)

Table 2. Distribution of [14C]palmitic acid in myotubes under normoglycaemic and hyperglycaemic conditions

NEFA DAG TAG CE PL Total lipids ASM

Normoglycaemia (n=4) 13.8±1.4 8.1±0.4 70.3±5.5 5.1±0.8 37.7±2.0 135.0±6.1 13.9±1.6
Hyperglycaemia (n=4) 11.0±1.5 8.0±0.9 57.9±4.1 2.9±0.5 31.6±2.3 111.4±4.7 11.4±1.0

Values in nmol/mg protein are means (± SEM). Control my-
otubes (treated with normoglycaemic medium containing
5.5 mmol/l glucose) and myotubes treated with hypergly-
caemic medium (20 mmol/l glucose) for 4 days were incubated
with [14C]palmitic acid (18.5 kBq/ml, 0.6 mmol/l) and
100 nmol/l insulin for 4 h before lipids were extracted and sep-

arated by thin-layer chromatography. Total cellular uptake of
[14C]palmitic acid was 148.9±7.0 nmol/mg protein in control
cells and 122.8±5.4 nmol/mg protein in hyperglycaemic cells.
ASM, acid-soluble metabolites; CE, cholesterol ester; DAG,
diacylglycerol; PL, phospholipids; TAG, triacylglycerol

Table 3. Distribution of [14C]oleic acid in myotubes under normoglycaemic and hyperglycaemic conditions

NEFA DAG TAG CE PL Total lipids ASM

Normoglycaemia (n=4) 12.3±1.5 7.2±0.4 56.5±4.6 1.0±0.1 32.7±1.2 109.9±6.3 13.6±1.0
Hyperglycaemia (n=4) 12.0±2.1 7.0±0.9 54.2±4.1 0.9±0.1 35.0±2.4 109.1±6.1 14.4±0.9

Values in nmol/mg protein are means ± SEM. Procedure as Ta-
ble 2, but with [14C]oleic acid (18.5 kBq/ml, 0.6 mmol/l) in-
stead of [14C]palmitic acid. Total cellular uptake of [14C]oleic
acid was 123.5±6.4 nmol/mg protein in control cells and

123.5±6.7 nmol/mg protein in hyperglycaemic cells. ASM,
acid-soluble metabolites; CE, cholesterol ester; DAG, diacyl-
glycerol; PL, phospholipids; TAG, triacylglycerol



tion was accounted for by CO2 in both control and hy-
perglycaemic myotubes.

Discussion

In this study, chronic exposure of skeletal muscle cells
to high glucose concentrations caused the accumula-
tion of TAG and increased DGAT-1 activity. These
changes were accompanied by reduced basal and insu-
lin-stimulated glucose uptake and glycogen synthesis.
The conversion of labelled glucose into lipids indi-
cates that de novo lipogenesis can take place in skele-
tal muscle cells, and suggests that the lipid accumula-
tion caused by hyperglycaemia is a result of increased
lipogenesis. Surprisingly, the elevated lipid synthesis
stimulated by glucose was accompanied by a reduced
palmitate uptake, whereas glycogen content and ex-
pression of GLUT1 and GLUT4 were unchanged.
These data suggest that chronic hyperglycaemia stim-
ulates lipogenesis in myotubes rather than glucose ac-
cumulation.

The present study is, to our knowledge, the first to
show that hyperglycaemia in itself causes the accumu-
lation of fat in human skeletal muscle. Previous stud-
ies have shown that, in rats chronically infused with
glucose, muscular TAG content is doubled and insulin
sensitivity in muscle is decreased [12]. However, hy-
perglycaemia and hyperinsulinaemia occur in parallel
with metabolic and hormonal changes in vivo, and
confounding effects of liver and adipose tissue cannot
be excluded. In the present study, chronic incubation
with 20 mmol/l glucose increased myotubular TAG
content in the absence of exogenously supplied fatty
acids (except for 2% FCS) and increased the incorpo-
ration of glucose into TAG. Increased TAG content in
skeletal muscles is correlated with insulin resistance
[29], and since the myotubes accumulated TAG in the
absence of exogenously supplied fatty acids in the
present study, skeletal muscle may itself synthesise at
least part of the TAG that accumulates during diabe-
tes. The increased conversion of [14C]glucose into
NEFA and complex lipids also implies an effect on li-
pogenesis. De novo lipogenesis is low in skeletal mus-
cle—about 5% of the [14C]glucose incubated with our
control cells were recovered as cellular lipids—but the
present study shows that lipogenesis is stimulated un-
der certain conditions (i.e. when glucose is the only
source of energy supplied). Lipogenesis from [14C]ac-
etate in rat myotubes has also recently been reported,
and in these studies acute hyperglycaemia (25 mmol/l)
increased the rate of lipogenesis [30]. Interestingly, in
the present study, hyperglycaemia increased the activi-
ty of DGAT-1, the enzyme that catalyses the final step
in TAG synthesis. Studies have recently focused on
the role of DGAT-1 in obesity and insulin resistance
[31, 32, 33]. Mice lacking DGAT-1 have reduced lev-
els of tissue TAG and increased sensitivity to insulin

and leptin. Although TAG formation was increased by
DGAT-1 after hyperglycaemia in our human my-
otubes, DGAT-1 mRNA expression was not increased.
Hence, the mechanism by which DGAT-1 activity is
increased remains to be elucidated.

Our results indicate that insulin resistance was not
induced by hyperglycaemia, since the relative insulin
responses on glucose uptake and glycogen synthesis
were maintained in hyperglycaemic conditions. Hy-
perglycaemia has previously been shown to induce in-
sulin resistance in muscle [1, 2, 34]. However, this
discrepancy is probably due to differences in the defi-
nition of insulin resistance. How this reduced glucose
utilisation is mediated by hyperglycaemia has been the
subject of debate. The present study supports an effect
on lipid accumulation, as has been suggested in stud-
ies on glucose-infused rats [12, 13, 35].

The metabolic changes induced by hyperglycaemia
most likely occur upstream of the Kreb’s cycle, since
glucose oxidation to CO2 was not altered in our exper-
iments. One possible explanation could be that glu-
cose oversupply increases the production of the sub-
strates acetyl-CoA and malonyl-CoA for fatty acid
biosynthesis. However, an increase in malonyl CoA
would be expected to inhibit CPT-1 and fatty acid 
oxidation [36, 37]. Hyperglycaemia did not alter the
oxidation of oleic acid and palmitic acid. The increase
in NEFA from labelled glucose suggests that malonyl-
CoA and long-chain acyl-CoAs may be increased, al-
though possibly not to levels sufficient to inhibit CPT-
1. Alternatively, there could be multiple pools of mal-
onyl CoA in muscle: a cytosolic pool involved in fatty
acid synthesis and a pool localised to mitochondria
that are involved in the regulation of fatty acid oxida-
tion. The long-chain acyl-CoAs or other related lipid
products formed might activate one or more PKC iso-
zymes, as suggested by Laybutt et al. [13]. In line
with this, Houdali et al. [35] reported the activation of
several PKC isoforms in the skeletal muscle of glu-
cose-infused rats. PKCs are involved in both insulin-
dependent and insulin-independent glucose uptake,
and PKCs are strong candidates for mediating both
lipid- and glucose-induced insulin resistance [8, 38].

Lipid uptake and oxidation are often regulated in
concert. We report here that cellular uptake of palmitic
acid was decreased after glucose oversupply, while
uptake of oleic acid was not; and fatty acid oxidation
was unaffected. These results suggest that fatty acid
uptake and oxidation can be regulated separately, as
shown in a recent study by Turcotte et al. [39]. In their
study, high carbohydrate availability was associated
with an increase in palmitate uptake in perfused rat
muscle. However, this may be due to the fact that they
examined a more acute exposure to a high glucose
concentration, where rat muscles were perfused for up
to 40 min. The mechanism of reduced uptake of palm-
itic acid in our myotubes is currently unknown, but is
apparently specific. There may be a link between in-
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creased lipogenesis and the uptake and metabolism of
exogenously added palmitic acid.

Our data show that it is not glucose oversupply as
such that causes glycogen accumulation in myotubes.
However, in presence of insulin, total cell glycogen
was increased, demonstrating the essential role of in-
sulin in promoting glycogen synthesis. Moreover, our
results do not suggest that chronic hyperglycaemia
regulates the expression of GLUT1 and GLUT4, but it
may affect either the activity or translocation of these
glucose transporters. An inhibitory effect of hypergly-
caemia on PKB activation in skeletal muscle has pre-
viously been reported [34, 40]. In our single-cell sys-
tem there were no indications of changes in PKB
phosphorylation, neither basal nor insulin-stimulated.
Mobilisation of GLUT4 and insulin-stimulated glu-
cose uptake has been shown to be dependent on cyto-
solic pH in cardiomyocytes [41], and hyperglycaemia
may increase lactate production, as reported by Lay-
butt et al. [12]. We have preliminary data showing an
increase of about 50% in the lactate concentration in
the myotubes after hyperglycaemia (unpublished ob-
servations).

In summary, we confirm that hyperglycaemia re-
duces insulin-stimulated glucose uptake and glycogen
synthesis concomitantly with increased lipogenesis
and intramyotubular TAG accumulation. The in-
creased lipid storage was not caused by decreased fat-
ty acid oxidation, and may instead be due to increased
DGAT-1 activity.
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