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Ciliary neurotrophic factor influences endocrine adipocyte function:
inhibition of leptin via PI 3-kinase
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Abstract

Ciliary neurotrophic factor (CNTF), originally known for its involvement in the modulation of neuronal growth, has been discovered
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o exert anorexigenic effects and is currently being investigated in clinical studies for the treatment of obesity and insulin resist
europeptide acts on the central nervous system. However, we have recently demonstrated direct peripheral effects on adipocy
nd thermogenesis. Given the emerging endocrine role of adipose tissue in the regulation of energy homeostasis and insulin re

nvestigated potential effects of CNTF on leptin expression and secretion. Our study demonstrates a direct inhibition of leptin expr
ecretion by acute and chronic CNTF treatment. Furthermore, we demonstrate a differentiation- and Janus kinase 2 (JAK2)-indep
hosphatidylinositol 3-kinase-dependent signalling pathway mediating this negative effect. These results provide novel evidenc
f CNTF in the selective modulation of adipocyte endocrine function which may have important implications for the regulation o
omeostasis.
2004 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Ciliary neurotrophic factor (CNTF) classically acts as a
egulator of neuronal growth (Siegel et al., 2000; Sleeman et
l., 2000; Weinelt et al., 2003; Xia et al., 2002; Del Bigio et al.,
001). Recently, potent anorexigenic effects of this neuropep-

ide in the central nervous system regulation of body weight
nd energy homeostasis have been described (Anderson et
l., 2003; Gloaguen et al., 1997). In a previous study, we
haracterized potent direct CNTF effects on growth factor
nd metabolic signalling and thermogenesis in mouse brown

Abbreviations: CNTF, ciliary neurotrophic factor; IL-6, interleukin-6;
AK, Janus kinase; LIF, leukemia inhibitory factor; MAP kinase, mitogen-
ctivated protein kinase; PI 3-kinase, phosphatidylinositol 3-kinase; PKA,
rotein kinase A; Tyk, tyrosine kinase
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adipocytes (Ott et al., 2002a). Our findings were expand
by studies in 3T3-L1 white adipocytes demonstrating CN
modulated adipocyte-specific gene expression and indu
of the CNTF receptor complex in rodent models of obe
and diabetes (Zvonic et al., 2003).

Adipose tissue has recently emerged as an endocrine
central to the control of energy homeostasis (Ott et al., 2002a
Havel, 2000; Fruhbeck et al., 2001; Ahima and Flier, 20).
Dysregulation of adipose tissue function is a key eleme
the pathogenesis of diabetes and the insulin resistance
drome. This is illustrated by a number of studies in whic
selective impairment of adipocyte function such as disrup
of insulin signalling (Abel et al., 2001; Minokoshi et al., 200
Bluher et al., 2002, 2003) or tissue-specific overexpress
of 11�-hydroxysteroid dehydrogenase type 1 (Masuzaki e
al., 2001) has significant systemic consequences for en
homeostasis and insulin resistance. Furthermore, due
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potential to expand upon selective stimulation, the thermo-
genic brown adipose tissue is an attractive target tissue for
pharmacotherapeutic approaches in the treatment of obesity
and the insulin resistance syndrome.

Leptin is the best-studied adipocytokine so far which
is expressed and secreted in both white (Cammisotto et
al., 2003) and brown adipose tissue (Kraus et al., 2002).
Its discovery has prompted a redefinition of energy home-
ostasis regulation and opened a new field of research. Its
main regulatory effects on energy metabolism are medi-
ated by modulating orexigenic and anorexigenic signalling
pathways in the central nervous system (Baratta, 2002;
Harvey and Ashford, 2003; Jequier, 2002; Pralong et al.,
2002; van Dijk, 2001) as well as energy metabolism in pe-
ripheral tissues.

In this study, we investigated direct CNTF actions on
leptin expression and secretion in a recently established
model of mouse brown adipocytes (Klein et al., 2002). We
have extended our previous findings demonstrating direct ef-
fects on adipocyte signalling and thermogenesis (Ott et al.,
2002a) and now show that this potent anorexigenic neuropep-
tide also directly inhibits leptin expression and secretion
via a phosphatidylinositol (PI) 3-kinase-dependent signalling
pathway.
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2.3. Assessment of leptin secretion

Between day 1 and day 6 after induction, culture medium
was removed from the cells every 24 h and replaced with
fresh medium. Leptin secretion into the medium was assessed
using a murine leptin radioimmunoassay (Linco Research,
Inc., St Louis, MO, USA) according to the manufacturer’s
instructions.

2.4. Analysis of leptin gene expression

No starvation of cells in serum-free medium was done
prior to total RNA isolation. Reverse transcription (RT) fol-
lowed by polymerase chain reaction (PCR) was performed to
analyse mRNA expression of leptin and hypoxanthine gua-
nine phosphoribosyl transferase (HPRT) as a housekeeping
gene control. Briefly, total RNA isolation was performed us-
ing the TRIzol reagent (Invitrogen; Karlsruhe, Germany) fol-
lowed by a clean up with the RNeasy kit (Qiagen; Hilden,
Germany). Quality of RNA was tested by visualising the
RNA on an agarose gel and photometric analysis. Up to 2�g
total RNA was reverse transcribed using Superscript II (In-
vitrogen; Karlsruhe, Germany) and an oligo p(DT)15 primer
(Roche Molecular Biochemicals; Mannheim, Germany) in
the presence of RNase inhibitor (Roche Molecular Biochem-
i -
c
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C
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. Materials and methods

.1. Materials

Recombinant rat CNTF was purchased from Pepro
nc. (Rocky Hill, NJ, USA). Recombinant murine leukaem
nhibitory factor (LIF) was obtained from Chemicon Int
ational (Temecula, CA, USA). The pharmacological
ibitors LY294002, H-89, and Ag490 were obtained fr
albiochem (La Jolla, CA, USA), PD98059 from C
ignalling Technology, Inc. (Beverly, MA, USA). Unle
tated otherwise, all other chemicals were purchased
igma–Aldrich Co. (St Louis, MO, USA).

.2. Cell culture

Cells used in all experiments were SV40T-immortali
rown and white adipocytes generated as previously
cribed (Klein et al., 2000). Pre-adipocytes were cultur
o confluence in Dulbecco’s modified Eagle’s med
Life Technologies, Paisley, Scotland), supplemented
.5 g/l glucose, 20 nM insulin, 1 nM T3, 20% fetal bov
erum (Sigma–Aldrich Co.; St. Louis, MO, USA) a
enicillin/streptomycin (BioWhittaker, Vervier, Belgium
‘differentiation medium’). Upon attaining confluen
00�M isobutylmethylxanthine, 250�M indomethacine
nd 2�g/ml dexamethasone were added to the differe

ion medium to induce cell differentiation (“induction”). A
er 24 h, cells were returned to differentiation medium
ultured for 6 more days.
cals; Mannheim, Germany) in a 20�l reaction. One mi
rolitre of each RT reaction was amplified in a 25�l PCR
ontaining 2.5 mM MgCl2, 250 nM of each primer, and 1
uantiTect SYBR Green PCR-Mix (Qiagen; Hilden, G
any). PCR was performed on a GeneAmp 5700 Sequ
etection System (Applied Biosystems; Foster City,
SA). The following primers were used: leptin (access
umber NM008493) 5′-GTG CCT ATC CAG AAA GTC
AG GAT G-3′ (sense) and 5′-CTG GTG AGG ACC TGT
GA TAG AC-3′ (anti-sense), and HPRT (accession num

ig. 1. CNTF inhibits leptin secretion in brown adipocytes. Cells were
ntreated or were chronically exposed to 10 nM CNTF, respectively. L
oncentration was analysed in the culture medium collected every 2
catter and line plot analysis including the S.E.M. of four independen
eriments is shown. *P < 0.05 comparing non-stimulated to CNTF-trea
ells.
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NM013556) 5′-GTT GGA TAC AGG CCA GAC TTT GT-
3′ (sense) and 5′-CAC AGG ACT AGA ACA CCT GC-3′
(anti-sense). PCR for all targets was performed as follows:
initial denaturation at 95◦C for 900 s, 40 cycles with 95◦C
for 20 s, 55◦C for 20 s, 72◦C for 20 s. Specific amplification
was confirmed by producing melting curve profiles (cooling
the samples to 65◦C for 10 s and heating to 95◦C in steps
of 0.2◦C/s with continuous measurement of fluorescence).
Optimized relative quantification was done by using the Pair
Wise Fixed Reallocation Randomisation Test (Relative Ex-
pression Software Tool [REST], version 1) (Pfaffl, 2001).

2.5. Statistical analysis

“Sigma Plot” software (SPSS Science; Chicago, IL, USA)
was employed for statistical analysis of all data. Results are
presented as mean± S.E.M. Unpaired Student’st-test and,
for multiple comparisons, Bonferroni’s alpha level correc-
tion were used for determination of statistical significance.P
values <0.05 are considered significant, those <0.01 highly
significant.

F
o
a

3. Results

3.1. CNTF inhibits leptin secretion in brown adipocytes

Leptin secretion showed a robust differentiation-
dependent augmentation from basal levels to a maximal 100-
fold increase on day 6 (Fig. 1). Chronic treatment with 10 nM
CNTF persistently inhibited leptin secretion over the differ-
entiation course with a significant maximal 30% reduction
on day 6 as compared to untreated cells (Fig. 1). This effect
appeared dose-dependent with smaller changes observed at
CNTF concentrations as low as 1 nM (data not shown).

3.2. CNTF-induced suppression of leptin secretion is not
caused by impaired adipocyte differentiation

Since leptin secretion is differentiation-dependent (Kraus
et al., 2002), we next investigated whether the reduction of
leptin secretion by CNTF treatment may result from poten-
tial effects on adipocyte differentiation. However, chronic
treatment with this anorexigenic neuropeptide did not affect
ig. 2. CNTF does not affect adipocyte differentiation. Cells were either chron
f 10 nM with medium changed every 24 h or non-treated (controls). Different
fter the induction period. Microscopical images from cell culture plates were
ically treated with ciliary neurotrophic factor (CNTF treatment) ata concentration
iating cells were stained with the fat-specific oil red O stain at the indicated times
taken using a digital camera. Pictures are displayed in 20× magnification.
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adipocyte differentiation as assessed by the fat-specific oil
red O staining (Fig. 2A). Moreover, as judged microscopi-
cally, cell morphology at early and late differentiation stages
did not change under the CNTF treatment (Fig. 2B). Further-
more, total protein amounts were similar in cells chronically
stimulated with CNTF as compared to control cells.

3.3. CNTF inhibits leptin gene expression

To further assess the kinetics and signalling pathways
for this decrease in leptin secretion, we next studied the
time course of leptin mRNA expression in differentiated
adipocytes treated with CNTF. Acute treatment of brown
adipocytes with 10 nM CNTF resulted in a time-dependent re-
duction of leptin mRNA synthesis with a significant decrease
first seen after 1 h and a maximal 34% reduction after 2 h
(Fig. 3A). In newly generated white adipocytes obtained by
the identical SV40T immortalisation procedure, acute treat-
ment of differentiated cells with 10 nM CNTF for 2 h in-
duced a reduction of leptin expression by approximately 60%
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(Fig. 3B). Longer CNTF treatment periods did not produce
stronger inhibitory effects in both brown and white adipocytes
(data not shown).

Other members of the CNTF cytokine family were also as-
sessed for their effects on leptin mRNA expression. Whereas
LIF (30 ng/ml) did not influence leptin gene expression, stim-
ulation of differentiated adipocytes with interleukin-6 (IL-6)
(30 ng/ml) for 8 h and 24 h reduced leptin expression by about
40% as compared to basal levels (data not shown).

3.4. Inhibition of leptin expression by CNTF is
dependent on PI 3-kinase but independent of JAK2, MAP
kinase, and PKA

Interestingly, treatment of brown adipocytes with the PI
3-kinase inhibitor LY294002 (10�M) completely abrogated
the CNTF-induced impairment of leptin expression (Fig. 4A)
suggesting an involvement of PI 3-kinase in this inhibitory
ig. 3. CNTF inhibits leptin mRNA expression in a time-dependent manner.
ifferentiated brown (A) or white (B) adipocytes were incubated with 10 nM
NTF for the indicated periods of time. Leptin mRNA quantification was
nalysed as described inSection 2. A bar graph analysis including the S.E.M.
f two–four independent experiments is shown. *P < 0.05 and **P < 0.01
omparing non-stimulated to CNTF-treated cells.
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ig. 4. CNTF-induced inhibition of leptin mRNA expression is dependent
n PI 3-kinase, but not JAK2, p44/42 MAP kinase, or PKA. The quantitative
nalysis of leptin mRNA expression was done as described inSection 2. Pre-

reatment with LY294002 (10�M, A), Ag490 (100�M, B), H89 (10�M,
), and PD98059 (50�M, B) was for 1h, followed by the addition of 10 nM
NTF for 2 h. A bar graph analysis including the S.E.M. of three–seven

ndependent experiments is shown. *P< 0.05,** P < 0.01 comparing CNTF-
reated to non-treated cells, respectively.
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effect. By contrast, the negative effect of CNTF on lep-
tin expression was not altered by inhibition of Janus ki-
nase 2 (JAK2) (Ag490, 100�M), protein kinase A (PKA)
(H89, 10�M), and mitogen-activated protein (MAP) kinase
(PD98059, 50�M; Fig. 4B). Treatment of cells with the phar-
macological inhibitors AG490 and H89 alone did not signif-
icantly affect basal leptin mRNA levels (Fig. 4B). PD98059
alone exerted a small but significant positive effect on basal
leptin levels. Yet, PD98095 did not significantly alter the in-
hibitory CNTF effect (Fig. 4B).

4. Discussion

In this study, we show an acute and chronic inhibition
of leptin expression and secretion by the anorexigenic neu-
ropeptide CNTF. This effect appears to be differentiation-
independent and mediated by a PI 3-kinase-dependent sig-
nalling pathway.

In addition to CNTF’s well-established anorexigenic ef-
fects in the central nervous system (Anderson et al., 2003;
Xu et al., 1998; Lambert et al., 2001), we have previously
demonstrated direct and selective effects of this neuropeptide
on important growth factor and metabolic signalling path-
ways in brown fat (Ott et al., 2002a). Moreover, we found
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of PI 3-kinase in leptin expression and secretion in primary
white rat adipocytes (Bradley and Cheatham, 1999). How-
ever, in that study, inhibition of PI 3-kinase in rat adipocytes
decreased insulin- and dexamethasone-stimulated leptin se-
cretion. Taking into account different transcriptional and se-
cretory cell responses as well as the central position of this
enzyme and its different isoforms in the complex network of
growth factor and metabolic signalling pathways, many ex-
planations for this apparent discrepancy can be envisioned.
Awaiting results from further studies, our data suggest a
different employment of PI 3-kinase signalling pathways
by CNTF and insulin and indicate a role for this impor-
tant signalling element in integrating receptor-type-specific
multidirectional downstream pathways. In contrast to PI 3-
kinase, inhibition of MAP kinase had no discernible effect
on CNTF-induced inhibition of leptin expression. In a pre-
vious study, we described CNTF-induced activation of AKT
as well as MAP kinase in a JAK2-dependent manner (Ott et
al., 2002a). However, in this study, JAK2 inhibition failed
to reverse CNTF’s inhibitory effect on leptin secretion. This
implies the existence of a second CNTF-induced, but JAK2-
independent signalling pathway mediating PI 3-kinase acti-
vation. An alternate pathway may involve other members of
the JAK-family. Indeed, studies have implicated JAK1- (Kaur
et al., 2002), JAK3- (Dolcet et al., 2001), and tyrosine kinase
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hat CNTF enhanced�3-adrenergic stimulation of unco
ling protein-1 which mediates thermogenesis and may
e important in this neuropeptide’s anti-obesity effects.

dence from other studies supports the notion of direc
ipheral actions of CNTF on adipose tissue (Zvonic et al.
003) and describes the activation of similar signalling c
ades in a variety of tissues and cells of murine and hu
rigin (Kobayashi and Mizisin, 2000; Kaur et al., 2002). Inter-
stingly, CNTF receptor expression appears to be induc
ouse models of obesity and diabetes (Zvonic et al., 2003). In

his study, we extend our previous findings and demons
hat CNTF directly modulates endocrine adipocyte func

number of excellent studies testify to the complex na
f the fat cell as an endocrine organ fulfilling an influen
ole in the regulation of energy homeostasis and insuli
istance (Kahn and Flier, 2000; Spiegelman and Flier, 20).
urthermore, it now becomes evident that adipose tiss
ot only an important site of hormone synthesis (Rajala and
cherer, 2003), but also serves as a relay station for cen

Serradeil-Le Gal et al., 2000) and peripheral orexigenic a
norexigenic signals such as ghrelin (Ott et al., 2002b) and

nterleukin-6 (Fasshauer et al., 2003). This is of crucial rel
vance as it has been demonstrated that selective alter

n adipocyte function have important implications for wh
ody energy homeostasis, insulin resistance, and even li
ectancy (Minokoshi et al., 2003; Bluher et al., 2002, 200).

In elucidating the signalling cascade responsible for
nhibition of leptin secretion and expression by CNTF,
ound that PI 3-kinase inhibition by LY294002 complet
brogated CNTF’s inhibitory effect. Our findings are in
ordance with another study also demonstrating involve
s

Tyk)-mediated PI 3-kinase activation by CNTF and o
nterleukin-6-family cytokines (Oh et al., 1998; Lelievre e
l., 2001).

Although in the majority of obese humans, the ano
genic effect of leptin is less pronounced than in m
Yanovski and Yanovski, 2002), this adipocytokine still ap
ears to be crucial in human pathophysiology as rec
emonstrated by dramatic beneficial effects on insulin r

ance in lipatrophic patients (Oral et al., 2002). Thus, from a
hysiological perspective, it may seem counterintuitive
NTF downregulates leptin expression and secretion in
ince both factors represent powerful anorexigenic me
ors. However, data from several other studies show that
norexigenic substances such as metformin downreg

eptin expression in mice and humans as well (Fruehwald
chultes et al., 2002; Morin-Papunen et al., 1998; Pasqu
l., 2000). It is tempting to speculate that this downregula
f leptin secretion could be a mechanism to overcome le
esistance by causing an upregulation of leptin-recepto
esponse to decreased leptin levels. Data by Scarpace
uggest that high leptin levels do indeed cause leptin r
ance characterised by attenuation of the anorexigenic
f leptin and, after a longer time-period, an attenuated
ogenic effect in brown fat (Scarpace et al., 2002). However
lthough plausible from a physiological point of view, d
resented here are derived from cell models and thereby

ndicate possible biological mechanisms awaiting an in
ensable proof in physiological systems.

In conclusion, this study characterises for the first tim
elective direct modulation of endocrine adipocyte func
y the anorexigenic neuropeptide CNTF. The CNTF-indu
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suppression of leptin expression and secretion appears to be
independent of differentiation and mediated via a PI 3-kinase-
dependent signalling pathway. Our findings indicate that adi-
pose tissue is an important element in regulatory circuits me-
diating this neuropeptide’s effects on energy homeostasis and
underscore the complex role of adipose tissue in integrating
homeostatic signals both from the central nervous system and
the periphery.

Acknowledgements

This study was supported by grants from the Deutsche
Forschungsgemeinschaft (Kl-1131/2-1 and Kl-1131/2-2) and
the Deutsche Diabetes Gesellschaft to J.K., faculty grants
from the University of L̈ubeck to V.O. and J.K., and a research
grant from the USDA NRI to T.W. Gettys.

References

Abel, E.D., Peroni, O., Kim, J.K., Kim, Y.B., Boss, O., Hadro, E., Min-
nemann, T., Shulman, G.I., Kahn, B.B., 2001. Adipose-selective tar-
geting of the GLUT4 gene impairs insulin action in muscle and liver.
Nature 409, 729–733.

Ahima, R.S., Flier, J.S., 2000. Adipose tissue as an endocrine organ.

A bet,
hy-
iliary

oned

B nal
2.

B ice
–574.

B .B.,
ckout
. Dev.

B ssion
cytes.

C Reg-
ids.

D f a
l loss
e. J.

D .W.,
ough
itol 3-

F (IL)-
our

ytes.

F Kern,
ment
ffect-

en.

Fruhbeck, G., Gomez-Ambrosi, J., Muruzabal, F.J., Burrell, M.A., 2001.
The adipocyte: a model for integration of endocrine and metabolic
signaling in energy metabolism regulation. Am. J. Physiol. Endocrinol.
Metab. 280, E827–E847.

Gloaguen, I., Costa, P., Demartis, A., Lazzaro, D., Di Marco, A., Graziani,
R., Paonessa, G., Chen, F., Rosenblum, C.I., Van der Ploeg, L.H.,
Cortese, R., Ciliberto, G., Laufer, R., 1997. Ciliary neurotrophic factor
corrects obesity and diabetes associated with leptin deficiency and
resistance. Proc. Natl. Acad. Sci. USA 94, 6456–6461.

Harvey, J., Ashford, M.L., 2003. Leptin in the CNS: much more than a
satiety signal. Neuropharmacology 44, 845–854.

Havel, P.J., 2000. Role of adipose tissue in body-weight regulation: mech-
anisms regulating leptin production and energy balance. Proc. Nutr.
Soc. 59, 359–371.

Jequier, E., 2002. Leptin signaling, adiposity, and energy balance. Ann.
N.Y. Acad. Sci. 967, 379–388.

Kahn, B.B., Flier, J.S., 2000. Obesity and insulin resistance. J. Clin.
Invest. 106, 473–481.

Kaur, N., Wohlhueter, A.L., Halvorsen, S.W., 2002. Activation and inac-
tivation of signal transducers and activators of transcription by ciliary
neurotrophic factor in neuroblastoma cells. Cell. Signal. 14, 419–
429.

Klein, J., Fasshauer, M., Benito, M., Kahn, C.R., 2000. Insulin and the
beta3-adrenoceptor differentially regulate uncoupling protein-1 expres-
sion. Mol. Endocrinol. 14, 764–773.

Klein, J., Fasshauer, M., Klein, H.H., Benito, M., Kahn, C.R., 2002.
Novel adipocyte lines from brown fat: a model system for the study
of differentiation, energy metabolism, and insulin action. Bioessays
24, 382–388.

Kobayashi, H., Mizisin, A.P., 2000. CNTFR alpha alone or in combination
tides

K ein,
sulin

L , Hi-
ou-
ates
r re-
cad.

L lson,
ruited
cy-

liary
276,

M J.J.,
esity

M tion
nges
. Biol.

M ar-
uring
me.

O T.,
l 3-

p70
273,

O , P.,
en,

y. N.
Trends Endocrinol. Metab. 11, 327–332.
nderson, K.D., Lambert, P.D., Corcoran, T.L., Murray, J.D., Tha

K.E., Yancopoulos, G.D., Wiegand, S.J., 2003. Activation of the
pothalamic arcuate nucleus predicts the anorectic actions of c
neurotrophic factor and leptin in intact and gold thioglucose-lesi
mice. J. Neuroendocrinol. 15, 649–660.

aratta, M., 2002. Leptin—from a signal of adiposity to a hormo
mediator in peripheral tissues. Med. Sci. Monit. 8, RA282–RA29

luher, M., Kahn, B.B., Kahn, C.R., 2003. Extended longevity in m
lacking the insulin receptor in adipose tissue. Science 299, 572

luher, M., Michael, M.D., Peroni, O.D., Ueki, K., Carter, N., Kahn, B
Kahn, C.R., 2002. Adipose tissue selective insulin receptor kno
protects against obesity and obesity-related glucose intolerance
Cell 3, 25–38.

radley, R.L., Cheatham, B., 1999. Regulation of ob gene expre
and leptin secretion by insulin and dexamethasone in rat adipo
Diabetes 48, 272–278.

ammisotto, P.G., Gelinas, Y., Deshaies, Y., Bukowiecki, L.J., 2003.
ulation of leptin secretion from white adipocytes by free fatty ac
Am. J. Physiol. Endocrinol. Metab. 285, E521–E526.

el Bigio, M.R., Yan, H.J., Xue, M., 2001. Intracerebral infusion o
second-generation ciliary neurotrophic factor reduces neurona
in rat striatum following experimental intracerebral hemorrhag
Neurol. Sci. 192, 53–59.

olcet, X., Soler, R.M., Gould, T.W., Egea, J., Oppenheim, R
Comella, J.X., 2001. Cytokines promote motoneuron survival thr
the Janus kinase-dependent activation of the phosphatidylinos
kinase pathway. Mol. Cell Neurosci. 18, 619–631.

asshauer, M., Klein, J., Lossner, U., Paschke, R., 2003. Interleukin
6 mRNA expression is stimulated by insulin, isoproterenol, tum
necrosis factor alpha, growth hormone, and IL-6 in 3T3-L1 adipoc
Horm. Metab. Res. 35, 147–152.

ruehwald-Schultes, B., Oltmanns, K.M., Toschek, B., Sopke, S.,
W., Born, J., Fehm, H.L., Peters, A., 2002. Short-term treat
with metformin decreases serum leptin concentration without a
ing body weight and body fat content in normal-weight healthy m
Metabolism 51, 531–536.
with CNTF promotes macrophage chemotaxis in vitro. Neuropep
34, 338–347.

raus, D., Fasshauer, M., Ott, V., Meier, B., Jost, M., Klein, H.H., Kl
J., 2002. Leptin secretion and negative autocrine crosstalk with in
in brown adipocytes. J. Endocrinol. 175, 185–191.

ambert, P.D., Anderson, K.D., Sleeman, M.W., Wong, V., Tan, J.
jarunguru, A., Corcoran, T.L., Murray, J.D., Thabet, K.E., Yancop
los, G.D., Wiegand, S.J., 2001. Ciliary neurotrophic factor activ
leptin-like pathways and reduces body fat, without cachexia o
bound weight gain, even in leptin-resistant obesity. Proc. Natl. A
Sci. USA 98, 4652–4657.

elievre, E., Plun-Favreau, H., Chevalier, S., Froger, J., Guillet, C., E
G.C., Gauchat, J.F., Gascan, H., 2001. Signaling pathways rec
by the cardiotrophin-like cytokine/cytokine-like factor-1 composite
tokine: specific requirement of the membrane-bound form of ci
neurotrophic factor receptor alpha component. J. Biol. Chem.
22476–22484.

asuzaki, H., Paterson, J., Shinyama, H., Morton, N.M., Mullins,
Seckl, J.R., Flier, J.S., 2001. A transgenic model of visceral ob
and the metabolic syndrome. Science 294, 2166–2170.

inokoshi, Y., Kahn, C.R., Kahn, B.B., 2003. Tissue-specific abla
of the GLUT4 glucose transporter or the insulin receptor challe
assumptions about insulin action and glucose homeostasis. J
Chem. 278, 33609–33612.

orin-Papunen, L.C., Koivunen, R.M., Tomas, C., Ruokonen, A., M
tikainen, H.K., 1998. Decreased serum leptin concentrations d
metformin therapy in obese women with polycystic ovary syndro
J. Clin. Endocrinol. Metab. 83, 2566–2568.

h, H., Fujio, Y., Kunisada, K., Hirota, H., Matsui, H., Kishimoto,
Yamauchi-Takihara, K., 1998. Activation of phosphatidylinosito
kinase through glycoprotein 130 induces protein kinase B and
S6 kinase phosphorylation in cardiac myocytes. J. Biol. Chem.
9703–9710.

ral, E.A., Simha, V., Ruiz, E., Andewelt, A., Premkumar, A., Snell
Wagner, A.J., DePaoli, A.M., Reitman, M.L., Taylor, S.I., Gord
P., Garg, A., 2002. Leptin-replacement therapy for lipodystroph
Engl. J. Med. 346, 570–578.



V. Ott et al. / Molecular and Cellular Endocrinology 224 (2004) 21–27 27

Ott, V., Fasshauer, M., Dalski, A., Klein, H.H., Klein, J., 2002a. Direct ef-
fects of ciliary neurotrophic factor on brown adipocytes: evidence for
a role in peripheral regulation of energy homeostasis. J. Endocrinol.
173, R1–R8.

Ott, V., Fasshauer, M., Dalski, A., Meier, B., Perwitz, N., Klein, H.H.,
Tschop, M., Klein, J., 2002b. Direct peripheral effects of ghrelin in-
clude suppression of adiponectin expression. Horm. Metab. Res. 34,
640–645.

Pasquali, R., Gambineri, A., Biscotti, D., Vicennati, V., Gagliardi, L.,
Colitta, D., Fiorini, S., Cognigni, G.E., Filicori, M., Morselli-Labate,
A.M., 2000. Effect of long-term treatment with metformin added to
hypocaloric diet on body composition, fat distribution, and andro-
gen and insulin levels in abdominally obese women with and with-
out the polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 85,
2767–2774.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Res. 29, e45.

Pralong, F.P., Gonzales, C., Voirol, M.J., Palmiter, R.D., Brunner, H.R.,
Gaillard, R.C., Seydoux, J., Pedrazzini, T., 2002. The neuropeptide Y
Y1 receptor regulates leptin-mediated control of energy homeostasis
and reproductive functions. FASEB J. 16, 712–714.

Rajala, M.W., Scherer, P.E., 2003. Minireview: the adipocyte—at the
crossroads of energy homeostasis, inflammation, and atherosclerosis.
Endocrinology 144, 3765–3773.

Scarpace, P.J., Matheny, M., Zhang, Y., Shek, E.W., Prima, V., Zolo-
tukhin, S., Tumer, N., 2002. Leptin-induced leptin resistance reveals
separate roles for the anorexic and thermogenic responses in weight
maintenance. Endocrinology 143, 3026–3035.

Serradeil-Le Gal, C., Lafontan, M., Raufaste, D., Marchand, J., Pouzet,
B., Casellas, P., Pascal, M., Maffrand, J.P., Le Fur, G., 2000. Charac-

terization of NPY receptors controlling lipolysis and leptin secretion
in human adipocytes. FEBS Lett. 475, 150–156.

Siegel, S.G., Patton, B., English, A.W., 2000. Ciliary neurotrophic fac-
tor is required for motoneuron sprouting. Exp. Neurol. 166, 205–
212.

Sleeman, M.W., Anderson, K.D., Lambert, P.D., Yancopoulos, G.D., Wie-
gand, S.J., 2000. The ciliary neurotrophic factor and its receptor,
CNTFR alpha. Pharm. Acta Helv. 74, 265–272.

Spiegelman, B.M., Flier, J.S., 2001. Obesity and the regulation of energy
balance. Cell 104, 531–543.

van Dijk, G., 2001. The role of leptin in the regulation of energy balance
and adiposity. J. Neuroendocrinol. 13, 913–921.

Weinelt, S., Peters, S., Bauer, P., Mix, E., Haas, S.J., Dittmann, A., Wree,
A., Cattaneo, E., Knoblich, R., Strauss, U., Rolfs, A., 2003. Ciliary
neurotrophic factor overexpression in neural progenitor cells (ST14A)
increases proliferation, metabolic activity, and resistance to stress dur-
ing differentiation. J. Neurosci. Res. 71, 228–236.

Xia, X.G., Hofmann, H.D., Deller, T., Kirsch, M., 2002. Induction of
STAT3 signaling in activated astrocytes and sprouting septal neurons
following entorhinal cortex lesion in adult rats. Mol. Cell. Neurosci.
21, 379–392.

Xu, B., Dube, M.G., Kalra, P.S., Farmerie, W.G., Kaibara, A., Moldawer,
L.L., Martin, D., Kalra, S.P., 1998. Anorectic effects of the cytokine,
ciliary neurotropic factor, are mediated by hypothalamic neuropeptide
Y: comparison with leptin. Endocrinology 139, 466–473.

Yanovski, S.Z., Yanovski, J.A., 2002. Obesity. N. Engl. J. Med. 346,
591–602.

Zvonic, S., Cornelius, P., Stewart, W.C., Mynatt, R.L., Stephens, J.M.,
2003. The regulation and activation of ciliary neurotrophic factor sig-
naling proteins in adipocytes. J. Biol. Chem. 278, 2228–2235.


	Ciliary neurotrophic factor influences endocrine adipocyte function: inhibition of leptin via PI 3-kinase
	Introduction
	Materials and methods
	Materials
	Cell culture
	Assessment of leptin secretion
	Analysis of leptin gene expression
	Statistical analysis

	Results
	CNTF inhibits leptin secretion in brown adipocytes
	CNTF-induced suppression of leptin secretion is not caused by impaired adipocyte differentiation
	CNTF inhibits leptin gene expression
	Inhibition of leptin expression by CNTF is dependent on PI 3-kinase but independent of JAK2, MAP kinase, and PKA

	Discussion
	Acknowledgements
	References


