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OBJECTIVE — To examine the effect of glimepiride on insulin-stimulated glycogen synthesis
in cultured human skeletal muscle cells in comparison with glibenclamide.
RESEARCH DESIGN AND METHODS — Myotubes derived from glucose-tolerant
subjects were incubated with glimepiride or glibenclamide (0 –100 mol/l) for 4 h and with or
without insulin (100 nmol/l) for 2 h, and subsequently glycogen synthesis was determined.
RESULTS — Glimepiride had no significant effect on basal glycogen synthesis; in contrast,
glimepiride caused a dose-dependent increase of insulin-stimulated glycogen synthesis, with a
maximal effect of 39.97 ⫾ 8.4% (mean ⫾ SEM, n ⫽ 4, P ⬍ 0,02). The time course of this
glimepiride effect on insulin-stimulated glycogen synthesis showed a peak after 12 h incubation
with a half maximal effect after 4 h. Preincubation of the myotubes with wortmannin (100
nmol/l), an inhibitor of phosphatidylinositol (PI)- 3 kinase, caused an inhibition of this
glimepiride effect on insulin-stimulated glycogen synthesis. In contrast to glimepiride, incubation of myotubes with glibenclamide (0 –100nmol/l), a second generation sulfonylurea, had no
significant effect on basal or insulin-stimulated glycogen synthesis.
CONCLUSIONS — Incubation of cultured human skeletal muscle cells derived from glucose-tolerant subjects with glimepiride caused a dose-dependent increase of insulin-stimulated
glycogen synthesis using therapeutic glimepiride concentrations. This glimepiride effect seems
to be mediated via the PI3 kinase pathway. In contrast to glimepiride, glibenclamide had no
significant effect on basal or insulin-stimulated glycogen synthesis. These results suggest that
glimepiride, beside its well-known effect to stimulate insulin secretion, possess an insulinsensitizing action in cultured human skeletal muscle cells in support of the concept of an
extrapancreatic action of glimepiride.
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everal studies have examined the effect of sulfonylureas on peripheral
glucose utilization in type 1 as well
as in type 2 diabetic subjects. In type 1di-

abetic subjects, the majority of the studies
failed to demonstrate any effect of sulfonlyureas on glucose utilization (1–5),
whereas one short-term study revealed an
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increased glucose utilization due to chlorpropamide as well as glipizide treatment
(2).
The effect of sulfonylureas on glucose
utilization in impaired glucose tolerant
and type 2 diabetic subjects was examined in six studies (1,6 –10). All of these
studies revealed that sulfonylureas increase peripheral glucose utilization by
⬃29%, ranging from nonsignificant
(10%) to significant (52%). This improved peripheral insulin sensitivity was
associated with a mean increase of plasma
insulin levels averaging 33% in these
studies (18 – 63%). Thus, the effect of sulfonylureas to increase peripheral glucose
utilization is accompanied by an augmented insulin secretion of similar magnitude. Although, this does not exclude
an extrapancreatic effect of sulfonylureas
to improve peripheral glucose utilization,
the above-mentioned studies were not
designed to specifically to determine
whether sulfonylureas have an intrinsic
extrapancreatic mode of action to improve
peripheral insulin action. Those studies
would have to exclude interfering variables, such as nonstable concentrations of
insulin, glucose, and free fatty acids as
well as other metabolites and hormones
known to influence peripheral insulin action. Consequently, based on the existing
data, the evidence of an extrapancreatic
action of sulfonylureas is rather indirect
and based on studies not vigorously designed to answer this question.
Glimepiride is a recently introduced
sulfonylurea that has some interesting
pharmacokinetic and pharmacodynamic
properties (11,12). The molecular mechanism of action (13–17) as well as the
clinical efficacy of glimepiride (18 –25)
have recently been described. One advantage of this drug is, due to its pharmacokinetic properties, that it can be taken
only once daily. Furthermore, this compound is of special interest in the treatment of insulin resistance, because its
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were a gift from Aventis Pharma (Frankfurt, Germany). All other reagents were
purchased from Sigma (St. Louis, MO).

antihyperglycemic potency is of similar
magnitude as sulfonylureas of the second
generation, i.e., glibenclamide, although
the insulinotropic action of glimepiride is
less pronounced than that of glibenclamide, as has been demonstrated in animal models of insulin resistance (16).
These data implicate that glimepiride may
have an intrinsic extrapancreatic activity.
We therefore performed this study, indicating evidence for an in vivo insulinsensitizing action of glimepiride.
The aim of the current study was to
further examine the molecular mechanism
by which glimepiride enhances insulin action. Thus, we investigated the effect of
glimepiride on insulin-stimulated glycogen
synthesis in an in vitro cell system relevant
to human insulin action, the cultured human skeletal muscle cell. The results suggest that glimepiride, by increasing insulinstimulated glycogen synthesis, possess an
insulin-sensitizing action in cultured human skeletal muscle cells.

had been obtained from all subjects before the biopsy.
Materials
Cell culture reagents were purchased
from Life Technologies (Gaithersburg,
MD). Human insulin (Huminsulin) was
from Lilly (Giessen, Germany). D-[14C]
glucose (250 –360 mCi per mmol/l) was
supplied by NEN-DuPont (Boston, MA).
Glimepiride, glibenclamide, rilmakalim,
and Hoechst Marion Roussel (HMR) 1098

RESEARCH DESIGN AND
METHODS
Subjects
Skeletal muscle cells were derived from
six normal weight, healthy, and nondiabetic offspring of type 2 diabetic subjects
(aged 25.8 ⫾ 3.35 years, BMI 23.78 ⫾
1.71 kg/m2, 3 men and 3 women). The
study was approved by the local ethical
committee, and informed written consent
2130

Figure 2—Effect of glibenclamide on insulin-stimulated glycogen synthesis (dose response). The
effect of glibenclamide on insulin-stimulated glycogen synthesis in human myotubes was determined after incubation (4 h) with the indicated concentrations of glibenclamide. 14C incorporation
into glycogen in the basal state was set at 100%. f, basal; Œ, insulin; F, insulin/glibenclamide. P ⬎
0.05 at all glibenclamide concentrations (n ⫽ 4).
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Figure 1—Effect of glimepiride on insulin-stimulated glycogen synthesis (dose response). The
effect of glimepiride on insulin-stimulated glucogen synthesis in human myotubes was determined
afterincaubation (4 h) with the indicated concentrations of glimepiride. 14C incorporation into
glycogen in the basal state was set at 100%. f, basal; Œ, insulin; F, insulin/glimepiride. *P ⬍ 0.02
(n ⫽ 4).

Methods
Primary cultures were grown from satellite cells obtained from percutaneus biopsies performed on the lateral portion of
the vastus lateralis, as previously described (26 –28). All experiments were
performed on subcultured cells (first and
second pass). All cells were cloned for 10
days in a 1:1 mixture of ␣-modified Eagle’s medium (MEM) and nutrient mixture HAM’s F-12 supplemented with 20%
fetal bovine serum (FBS), 1% chicken embryo extract, and 0.2% AAS (amphotericin B, penicillin, and streptomycin).
When myoblasts reached 80 –90% confluence, the cells were fused for 4 days in
␣-MEM with 2% FBS and 0.2% AAS according to Henry et al. (27).
Assays for glycogen synthesis were
modified from the methods recently described (26). Fused cells in six-well dishes
were washed three times with HEPESbuffered saline solution (20 mmol/l
HEPES, 140 mmol/l NaCl, 5 mmol/l KCl,
2.5 mmol/l MgSO4, 1 mmol/l CaCl2, and
0.1 BSA, ph 7.4) and then incubated in
the same buffer with different concentrations of glimepiride or glibenclamide (0 –
100 mol/l) for 4 h and subsequently
with 100 nmol/l insulin for 2 h and D-glucose/D-[14C]glucose (5 mmol/l final con-

Haupt and Associates
centration, 0.3 Ci/well) for 1 h. During
the incubation period temperature was at
37°C and CO2 levels at 5%. The cells were
then washed three times with ice-cold
PBS and lysed in 30% KOH. The extracts
were heated for 30 min at 95°C and
cooled on ice. Glycogen was precipitated
with 95% ethanol and centrifuged for 5
min at 5,000g. The resulting pellet was
washed once. Radioactivity was determined by liquid scintillation counting.

RESULTS
Glimepiride did not significantly alter glycogen synthesis in the basal state (data not
shown). In contrast, glimepiride dosedependently increased insulin-stimulated
glycogen synthesis with a maximal effect
of a 39.97 ⫾ 8.4% (mean ⫾ SEM, n ⫽ 4,
P ⬍ 0,02) increase using a glimepiride
concentration of 0.1 mol/l. The time
course of this glimepiride effect on insulin-stimulated glycogen synthesis showed
a peak after 12 h of incubation with a half
maximal effect after 4 h (data not shown).
Interestingly, as shown in Fig. 2, incubation of myotubes with glibenclamide
under the same incubation conditions
had no significant effect on insulinstimulated glycogen synthesis. Using
higher concentrations, both sulfonylureas
show a decreased effect on insulinstimulated glycogen synthesis, presumably due to a toxic effect (Fig. 1 and 2).
Preincubation of the myotubes with
wortmannin (100 nmol/l), an inhibitor of
PI3 kinase, caused an inhibition of the
effect of glimepiride to increase insulinstimulated glycogen synthesis (Fig. 3).
Incubation of myotubes with rilmakalim in a concentration of 0.1 mol/l
(a potassium-channel opener) and with
HMR 1098 in a concentration of 1 mol/l
(a potassium-channel closing agent)
caused no change in the effect of
glimepiride on insulin-stimulated glycogen synthesis (data not shown).
CONCLUSIONS — This study demonstrates that glimepiride increases insulin-stimulated glycogen synthesis in
cultured human skeletal muscle cells.
This finding is consistent with other studies demonstrating a similar effect of
glimepiride on glycogen synthesis and
glucose uptake in rat diaphragm and

Figure 3—Effect of wortmannin on glimepiride-stimulated glycogen synthesis. The effect of wortmannin (100 nmol/l) on insulin-stimulated glycogen synthesis in human myotubes was determined after incubation (2 h) with glimepiride (1 mol/l). 14C incorporation into glycogen in the
basal state was set at 100% (n ⫽ 4). *P ⬍ 0.02.

3T3L1 adipocytes (30 –32). The effect of
glimepiride is insulin dependent, since
we could not detect an effect of
glimepiride under basal conditions.
The dose of glimepiride required to
increase insulin-stimulated glycogen in
vitro is in the range of the therapeutic
concentration reached following intake of
3 mg glimepiride in subjects with type 2
diabetes.
Concerning the molecular mechanism by which glimepiride may stimulate
insulin-induced glycogen synthesis, it has
been shown that glimepiride causes tyrosine phosphorylation of insulin receptor substrate (IRS)-1 and -2 as well as
association of PI3 kinase with IRS-1 and
-2 to a greater extent than glibenclamide
and tolbutamide, which was ineffective
(30). The results of the current study, that
wortmannin inhibited the effect of
glimepiride to stimulate glycogen synthesis, is in good agreement with these data
and further suggests that glimepiride acts
upstream PI3 kinase. Thus, our finding
that, in contrast to glimepiride, glibenclamide did not stimulate insulininduced glycogen synthesis might be due
to the different capability of the two sulfonylureas to activate the insulin signal
transduction pathway distal to the insulin
receptor, on which glimepiride has no direct effect (33), and upstream PI3 kinase.
In human myotubes the insulin receptor substrate SUR-2a is expressed
(34), and sulfonylureas inhibit the ATPdependent potassium channel. Recently it
has been shown that these channels reg-
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ulate the intracellular Ca concentrations
via Ca/calmodulin (35), which possibly
influence the insulin-signaling cascade,
including glycogen synthesis. To exclude
an effect via this receptor, we incubated
the myotubes with glimepiride and rilmakalim (a potassium-channel opener) as
well as with glimepiride and HOE 1098 (a
potassium-channel closing agent). However, there was no effect of these agents on
insulin-stimulated glycogen synthesis.
These results suggest that the effect of
glimepiride on insulin-stimulated glycogen synthesis is independent of the SUR
receptor.
In summary, we have shown that incubation of human skeletal muscle cells
with glimepiride increases insulinstimulated glycogen synthesis in a dosedependent manner. This effect seems to
be mediated via the PI3 kinase pathway.
In contrast, glibenclamide had no significant effect on basal or insulin-stimulated
glycogen synthesis. These results suggest
that glimepiride, beside its well-known
effect to stimulate insulin secretion, possess an insulin-sensitizing action in cultured human skeletal muscle cells in
support of the concept of an extrapancreatic action of glimepiride.
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Statistical methods
ANOVA and t tests were performed. The
level of significance was 5%.
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