
The ob gene product leptin has been defined as a reg-
ulator of food intake and energy expenditure [1]. The
identification and cloning of specific leptin receptors
has recently provided the basis with which to study
the mechanism and physiological function of leptin
signalling in different tissues. Leptin receptors are

expressed in different isoforms [2, 3]. It was shown
that effects of leptin on food intake are mediated
through leptin receptors in the hypothalamus [2].
However, leptin receptors are not only found in brain
but also in many other tissues including lung, kidney,
ovary and skeletal muscle [2, 3]. This pattern of tissue
distribution suggests that leptin might exert a wide
spectrum of cellular effects in tissues other than brain.
We have earlier demonstrated that leptin is able to
impair the first steps of the insulin signalling chain,
i. e. autophosphorylation of the insulin receptor and
tyrosine phosphorylation of insulin receptor substrate
(IRS)-1 in different cell types. This effect was demon-
strated in rat-1 fibroblasts overexpressing human in-
sulin receptor as well as NIH3T3 cells [4]. Very re-
cently the same effect of leptin was demonstrated in
HepG2 cells [5]. Muscle tissue plays a central role in
insulin action and in the pathogenesis of insulin resis-
tance. To discuss a potential role of leptin in the
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Summary It was recently shown that leptin impairs in-
sulin signalling, i. e. insulin receptor autophosphoryla-
tion and insulin-receptor substrate (IRS)-1 phospho-
rylation in rat-1 fibroblasts, NIH3T3 cells and
HepG2 cells. To evaluate whether leptin might impair
the effects of insulin in muscle tissue we studied the in-
teraction of insulin and leptin in a muscle cell system,
i. e. C2C12 myotubes. Preincubation of C2C12 cells
with leptin (1–500 ng/ml) did not significantly affect
insulin stimulated glucose transport and glycogen syn-
thesis (1.8 to 2 fold stimulation); however, leptin by it-
self (1 ng/ml) was able to mimic approximately 80–
90% of the insulin effect on glucose transport and gly-
cogen synthesis. Both glucose transport as well as gly-
cogen synthesis were inhibited by the phosphatidyli-
nositol-3 (PI3)-kinase inhibitor wortmannin and the
protein kinase C inhibitor H7 while no effect was

observed with the S6-kinase inhibitor rapamycin. We
determined whether the effect of leptin occurs
through activation of IRS-1 and PI3-kinase. Leptin
did not stimulate PI3-kinase activity in IRS-1 im-
munoprecipitates; however, PI3-kinase activation
could be demonstrated in p85a immunoprecipitates
(3.04 ± 1.5 fold of basal). In summary the data provide
the first evidence for a positive crosstalk between the
signalling chain of the insulin receptor and the leptin
receptor. Leptin mimics in C2C12 myotubes insulin ef-
fects on glucose transport and glycogen synthesis
most likely through activation of PI3-kinase. This ef-
fect of leptin occurs independently of IRS-1 activation
in C2C12 cells. [Diabetologia (1997) 40: 606–609]
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pathogenesis of insulin resistance it is therefore of in-
terest to know whether in muscle tissue a crosstalk of
insulin and leptin receptor signalling occurs. In the
present study we used C2C12 myotubes as a model for
potential leptin effects on the insulin signalling chain
in muscle tissue. The data suggest a crosstalk between
the insulin and the leptin signalling chain in C2C12
myotubes which leads to an activation of signalling
elements downstream of IRS-1 causing insulin-like
effects on glucose transport and glycogen synthesis.

Materials and methods

Materials. Cell culture reagents and fetal calf serum (FCS) were
purchased from Life Technologies, Inc. (Eggenstein, Germany).
Human insulin and murine recombinant leptin were kindly pro-
vided from Hoechst AG (Frankfurt, Germany). [g 32P]ATP
(3000 Ci/mmol) and 2-[1,2-3H (N) ]deoxy-D-glucose (2 DG)
(26.2 Ci/mmol) were from DuPont NEN (Bad Homburg, Ger-
many), while D-[U-14C]glucose (297 mCi/mmol) was from
Amersham (Buckinghamshire, UK). Wortmannin, rapamycin
and H7, were obtained from Sigma Chemical Co. (St.Louis,
Mo., USA). Polyclonal antibodies against p85a and IRS-1 were
purchased from Upstate Biotechnology Inc. (Lake Placid,
N. Y., USA); monoclonal anti-phosphotyrosine antibody was
from Calbiochem (Bad Soden, Germany). Protein A Sepharose
was from Pharmacia (Uppsala, Sweden). The reagents for SDS/
PAGE and Western blotting were purchased from Roth (Karls-
ruhe, Germany) and Biorad (München, Germany). Nitrocellu-
lose was from Schleicher & Schuell (Dassel, Germany) and the
non-radioactive enhanced chemiluminescence system for ECL
detection was obtained from Amersham.

Methods

Cell culture and incubations. Monolayers of C2C12 myoblasts
(American Type Culture Collection, Rockville, Md., USA)
were kept in a proliferative state by maintaining them in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10 % FCS and 2 mmol/l L-glutamine. Cells were grown
in 12-well plates for hexose transport, and glycogen synthesis
and in 10-cm diameter dishes for PI3-kinase activity assays.
Proliferative myoblasts were induced to differentiate into
myotubes by replacement of the above serum-enriched me-
dium with DMEM supplemented with 2 % horse serum. Dif-
ferentiating myoblasts were fed with fresh medium every
48 h. After 9 days, 90 % of the cells were differentiated into
myotubes. 18 h prior to experimental procedures cells were se-
rum-starved in minimum essential medium (MEM) with Ear-
le’s salts containing 0.5 % horse serum and 5 mmol/l glucose.

Deoxyglucose uptake. 2-Deoxy-[3H]glucose uptake was mea-
sured as previously described. Cell monolayers were washed
once in HEPES-buffered saline solution (140 mmol/l NaCl,
5 mmol/l KCl, 2.5 mmol/l MgCl2, 1 mmol/l CaCl2, 20 mmol/l
HEPES, pH 7.4) and then incubated in the same solution with
different concentrations of insulin or recombinant leptin,
respectively for 40 min or 1 or 18 h at 37 °C. After incubation,
cells were rinsed twice with HEPES-buffered saline and glu-
cose uptake was quantitated by exposing the cells to 0.5 mmol/l
2DG (0.5 mCi/ml) for 10 min at room temperature. Non-spe-
cific uptake was determined by quantitating cell-associated
radioactivity in the presence of 10 mmol/l cytochalasin B,

which blocks transporter-mediated uptake. At the end of the
10 min period, the supernatant was aspirated rapidly and the
cells were washed twice with ice-cold phosphate buffered sa-
line (PBS). The cells were lysed in 0.05 N NaOH and the asso-
ciated radioactivity was determined by liquid scintillation
counting. Each experiment was assayed in duplicate.

Glycogen synthesis assay. C2C12 muscle cells were incubated
with different concentrations of insulin or with recombinant
leptin, respectively for 40 min or for 30 min to 18 h at 37 °C.
Then 50 ml of MEM containing 5 mmol/l glucose and 0.5 mCi
of D-[U-14C]glucose was added and all incubations were con-
tinued for an additional 90 min at 37 °C. Cells were then wa-
shed twice with ice-cold PBS and solubilized in 100 ml of 30 %
(v/v) KOH. The extracts were heated for 30 min at 95 °C and
subsequently spotted onto a chromatography paper (3MM;
Whatman, Schleicher and Schüll, Dassel, Germany), dried,
dropped into ice cold 66 % ethanol, and washed in five changes
of cold ethanol (30 min each). The paper was dried and radio-
activity determined by liquid scintillation counting. Each ex-
periment was assayed in duplicate.

Assay of phosphatidylinositol-3 kinase (PI3) activity. After in-
cubation with 1 nmol/l insulin for 10 min or with recombinant
leptin for 10 min to 3 h, cells were rinsed once with ice cold
PBS and lysed at 4 °C for 5 min in 1 ml of lysis buffer as de-
scribed previously [6]. Lysates were centrifuged at 13 000×g
for 10 min and the supernatants were incubated 3 h with anti-
p85a or anti-IRS-1 antibodies (3 mg/ml lysate), then for an ad-
ditional 2 h with protein-A-Sepharose. Immunoprecipitates
were washed and pellets were directly incubated with phos-
phatidylinositol (0.1 mg/ml) for 10 min in medium containing
50 mmol/l [g 32P]ATP, 1.2 mmol/l Na-orthovanadate, 5 mmol/l
MgCl2, 25 mmol/l HEPES, pH 7.4, at 37 °C for 10 min in a final
volume of 50 ml. After addition of 20 ml 8 mol/l HCl, lipids
were extracted with 160 ml chloroform/methanol (1 : 1, by vol-
ume), centrifuged at 13 000 × g for 5 min and the lower phase
containing the phospholipids was lyophylized and subse-
quently dissolved in 5 ml chloroform/methanol (1 : 1, by vol-
ume). The products of the reaction were separated by thin-lay-
er chromatography as described [6]. 32P-labelled spots were de-
tected by autoradiography. Standard lipids were run in parallel
and detected with iodine vapor.

Detection of tyrosine-phosphorylated proteins. Myotubes
grown in 12-well plates were serum depleted and treated with
or without 1, 10 and 100 nmol/l insulin or 1 to 50 ng/ml recom-
binant leptin. After incubations were finished, the cells were
immediately washed once with ice cold PBS and lysed in a buf-
fer containing protease and phosphatase inhibitors (20 mmol/l
HEPES, 150 mmol/l, NaCl, 10 % glycerol, 1 % Triton-X 100,
1.5 mmol/l MgCl2, 4 mmol/l EGTA, 1 mmol/l EDTA, 1200
Trypsin inhibiting units/l aprotinin, 15 mmol/l benzamidine,
54 U/ml bacitracin, 2 mmol/l Na-orthovanadate, 2 mmol/l phe-
nylmethylsulphonyl fluoride (PMSF), 100 mmol/l NaF, pH
7.4). The lysates were centrifuged at 13 000 × g for 10 min. Af-
ter addition of Laemmli buffer, samples were applied to a
7,5 % SDS/polyacrylamide gel. Proteins were transferred onto
nitrocellulose by electroblotting, and probed by immunoblot-
ting with an anti-phosphotyrosine antibody.

Results

In analogy to earlier experiments in rat-1 fibroblasts
and NIH3T3 cells C2C12 myotubes were preincubated
with leptin in concentrations between 1 and 500 ng/ml
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before stimulation with insulin. Insulin stimulates
glucose uptake in C2C12 myotubes approximately
twofold. Half maximal insulin effects are obtained at
0.1 nmol/l. Preincubation of cells for 1 h, 3 h and
18 h with leptin at concentrations between 1 and
500 ng/ml did not significantly alter the insulin stimu-
lated 2 DG uptake. However, leptin by itself was able
to mimic almost quantitatively the insulin effect on
glucose uptake. This effect of leptin is obtained at a
concentration of 1 ng/ml. At an incubation time of
leptin for 1 h 84 ± 8% (n = 5) of the insulin stimu-
lated glucose uptake is observed. This leptin effect
declines at longer incubation periods (3 h, 54 ± 6%,
18 h, 52 ± 12%, n = 5). Leptin mimics the insulin ef-
fect on glycogen synthesis as well, but in contrast to
glucose uptake glycogen synthesis increases with pro-
longed leptin incubation (30 min, 32 ± 5%, 1 h,
38 ± 6 %, 3 h, 84 ± 7 %, 18 h, 86 ± 10%, n = 5).

To test which signalling elements might be in-
volved in the effect of leptin on glucose transport
and glycogen synthesis we used the protein kinase C
(PKC) inhibitor H7 (10−4 mol/l), the S6-kinase inhibi-
tor rapamycin (50 nmol/l) and the PI3-kinase inhibi-
tor wortmannin (50 nmol/l). Wortmannin was able to
inhibit partially the leptin effect on glucose transport
as well as glycogen synthesis suggesting a potential

involvement of PI3-kinase (Fig. 1A). H7 was able to
inhibit the leptin effect on glucose uptake suggesting
a role for PKC in leptin induced glucose uptake as
well. As the inhibitory effect of wortmannin on leptin
induced stimulation of glucose transport and glyco-
gen synthesis suggests an involvement of PI3-kinase
we studied whether leptin mimics insulin effects
through activation of IRS-1 dependent PI3-kinase.
The immunoblot with anti-phosphotyrosine antibod-
ies shown in Figure 2A demonstrates the effect of in-
sulin on IRS-1 phosphorylation at 185 kDa in C2C12
myotubes. In contrast to insulin leptin does not stimu-
late tyrosine phosphorylation of IRS-1.

In order to test whether leptin is able to activate
PI3-kinase, phosphatidylinositol phosphorylation
was measured in cells stimulated with leptin. PI3-ki-
nase activity was determined in immunoprecipitates
using either IRS-1 antibodies or p85a antibodies
against the regulatory subunit of PI3-kinase. Fig-
ure 2B shows that insulin stimulates PI3-kinase in
IRS-1 immunoprecipitates while leptin was without
any effect. In contrast when p85a antibodies were
used to immunoprecipitate PI3-kinase activity both
insulin (5.68 ± 3.16-fold of basal n = 5) as well as lep-
tin (3.04 ± 1.50-fold of basal n = 5 at 10 ng/ml) were
able to stimulate PI3-kinase activity.

Discussion

The insulin like effects of leptin on glucose transport
and glycogen synthesis are inhibited by PI3-kinase in-
hibitors and PKC inhibitors. This observation is in
good agreement with current thinking about the sig-
nalling steps involved in the insulin stimulated trans-
location of glucose transporter containing vesicles
and the activation of glycogen synthesis. The present
data suggest a crosstalk between leptin- and insulin
signalling at the level of PI3-kinase. Activation of
PI3-kinase by leptin might explain both the insulin-
like effects on downstream signalling as well as the in-
hibitor effects on receptor autophosphorylation and
IRS-1 phosphorylation observed in other cells [7, 8].
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Fig. 1 A. Effect of rapamycin, H7 and wortmannin on leptin-
stimulated glucose transport. Quiescent C2C12 myotubes were
pretreated in the presence of rapamycin (50 mmol/l), wort-
mannin (50 nmol/l) or H7 (10−4 mol/l) for the time indicated.
Then the incubation medium was aspirated and replaced with
medium containing 1 ng/ml recombinant leptin. After 1 h 2-
DG uptake was measured. Data are the means ± SEM of four
independent experiments each performed in duplicate. B Ef-
fect of rapamycin and wortmannin on glycogen synthesis. Qui-
escent cells were incubated in the presence of rapamycin
(50 nmol/l) and wortmannin (50 nmol/l) for the times indi-
cated. The medium was then aspirated, cells washed once
with PBS and recombinant leptin was added for 3 h. Glycogen
synthesis was assessed as described in the experimental sec-
tion. Results are the mean value ± SEM of four experiments
performed in duplicate



A central role of PI3-kinase both in the signalling to
glucose transport and glycogen synthesis is well
accepted [7, 9]. On the other hand it was earlier
shown that PI3-kinase is a good candidate for inhibi-
tory feedback effects on insulin-induced receptor-
and IRS-1 phosphorylation [8]. Beside PI-3 kinase
there are also other candidates for the leptin induced
IRS-1 and insulin receptor inhibition. For example
mitogen activated protein (MAP) kinase is activated
by insulin and a negative feedback loop to IRS-1 and

the insulin receptor have been discussed as well.
PKC might be another candidate for a leptin stimu-
lated serine kinase since the PKC inhibitor H7 is
able to block the leptin effects on glucose transport.

C2C12 myotubes express predominantly the glu-
cose transporter isoform GLUT1. It has to be as-
sumed that both the insulin and the leptin effect on
glucose uptake are mediated by a translocation of
GLUT1. Although this glucose transporter isoform
represents only a minor fraction in skeletal muscle
and heart, it is conceivable that leptin could be a
modulator of basal glucose uptake in skeletal muscle
since GLUT1 is to a large extent responsible for basal
glucose transport. It is interesting to note that for the
inhibitory effects on insulin signalling in rat-1 fibro-
blasts we and others required high concentrations of
leptin above 50 ng/ml which are only reached in ob-
ese subjects. The insulin-like effects in C2C12 myo-
tubes are, however, obtained at very low concentra-
tions (10 ng/ml) [10]. The dual role of leptin in insulin
signalling appears to be concentration dependent and
this could be a result of various isoforms of leptin re-
ceptors which might couple to different signalling
pathways or have different affinities for leptin.
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Fig. 2 A. Effect of insulin and leptin on protein tyrosine phos-
phorylation. Serum-depleted myotubes were incubated with-
out or with 0.1, 1 and 10 nmol/l insulin for 10 min or with re-
combinant leptin as indicated. The stimulation was stopped
by addition of ice cold PBS and cells were lysed as described
in the experimental section. Portions (40 ml of cell lysate were
subjected to SDS/PAGE and immunoblotted using antiphos-
photyrosine specific antibodies. The same nitrocellulose was
reprobed with anti-IRS-1 antibodies (upper panel). B Effect
of leptin on PI-3K activity. C2C12 myotubes were deprived of
serum for 18 h prior to incubation either with insulin (I)
(10 nmol/l) for 10 min or with leptin (1–500 ng/ml) for 1 h.
Whole cell lysates were immunoprecipitated with either anti-
p85a or anti-IRS-1 antibodies and in vitro kinase reactions
were performed using phosphatidylinositol as a substrate. A
representative autoradiography is shown. The same results
were obtained in five independent experiments


