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Abstract

Ciliary neurotrophic factor (CNTF) plays an important
role in regulating neuronal growth. Recently, central
anorexigenic effects of this cytokine have been character-
ized. However, peripheral effects on tissues that actively
contribute to the regulation of energy homeostasis have
not been described. Here, we report direct potent and
selective effects of CNTF on growth factor and metabolic
signalling intermediates in mouse brown adipocytes.
CNTF stimulates STAT3, MAP kinase, Akt, and p70 S6
kinase. We find that, next to mediating Akt and p70 S6

kinase activation, both phosphatidylinositol 3-kinase and
protein kinase C are separately acting, main intermediates
for inducing mitogen-activated protein (MAP) kinase
activation. On a functional level, CNTF enhances �3-
adrenergic induction of uncoupling protein-1. Thus, these
results demonstrate direct effects of CNTF on adipose
tissue signalling and metabolism and suggest a novel role
for this cytokine in the peripheral regulation of energy
homeostasis.
Journal of Endocrinology (2002) 173, R1–R8

Introduction

Ciliary neurotrophic factor (CNTF) is an important
trophic factor for neuronal cell growth and differentiation
(Sleeman et al. 2000). Studies in rodents and humans have
shown that CNTF treatment results in decreased food
intake and weight loss (Gloaguen et al. 1997, ALS CNTF
Treatment Study Group 1996). They suggest an anorexi-
genic role of this factor in the central nervous system
regulation of body weight (Gloaguen et al. 1997, Lambert
et al. 2001) involving an inhibition of the orexigenic
Neuropeptide Y in the hypothalamus (Xu et al. 1998).

It is unknown whether direct CNTF effects on periph-
eral tissues contribute to the regulation of body weight and
energy homeostasis. We have previously shown that
brown adipocytes provide an excellent model for the study
of molecular mechanisms contributing to the control of
energy balance (Klein et al. 1999, Klein et al. 2000). Here,
we demonstrate that CNTF directly and selectively
activates important growth factor and metabolic signalling
pathways in brown adipocytes and enhances �3-
adrenergic stimulation of uncoupling protein-1, thus pro-
viding evidence for a peripheral role of this anorexigenic
peptide in the regulation of energy homeostasis.

Materials and Methods

Materials

Phosphospecific antibodies against the following mol-
ecules were employed for immunoblotting: STAT3 (Tyr
705), p42/p44 mitogen activated protein (MAP) kinase,
Akt (Ser 473) and p70 S6 kinase (Thr421/Ser424) (all
from Cell Signalling Technology, Inc., Beverly, MA,
USA). Recombinant rat CNTF was purchased from
PeproTech Inc., Rocky Hill, NJ, USA. The pharmaco-
logical inhibitors GF109203X, LY294002 and Ag490
were obtained from Calbiochem, La Jolla, CA, USA,
PD98059 and Rapamycin from Cell Signalling Tech-
nology, Inc. (Beverly, MA, USA). Antibodies directed
against uncoupling protein-1 (UCP-1) were from Alpha
Diagnostic International (San Antonio, TX, USA). Unless
stated otherwise, all other chemicals were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA).

Cell culture and Western blotting

SV40T-immortalized mouse brown adipocytes were cul-
tured as previously described (Klein et al. 1999) and used
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between passages 10 and 25. Fully differentiated cells were
starved for a period of 24 to 48 h in serum-free medium
prior to carrying out the experiments. Following treatment
with inhibitors and CNTF as indicated, cells were lysed,
and normalized protein lysates were immunoblotted
with the respective antibodies and transferred to nitro-
cellulose membranes (Schleicher and Schuell Inc.; Keane,
NH, USA) essentially as described (Klein et al. 1999).
Bands were visualized using enhanced chemiluminescence
(Roche Molecular Biochemicals, Mannheim, Germany).

Analysis of UCP-1 gene expression

We used quantitative real-time RT-PCR in a fluorescent
temperature cycler (LightCycler, Roche Molecular Bio-
chemicals, Mannheim, Germany) to assess UCP-1 gene
expression, essentially as described previously (Fasshauer
et al. 2001b, 2001c). Briefly, total RNA was isolated
from brown adipocytes using RNAwiz reagent (Ambion,
Austin, TX), and 5 µg of total RNA was reverse
transcribed using Superscript II RNase H- Reverse
Transcriptase (Invitrogen Life Technologies, Karlsruhe,
Germany). 10% of each RT reaction was amplified in a
20 µl PCR containing 2·5 mM MgCl2, 250 nM of each
primer and 1X QuantiTect SYBR Green PCR-Mix
(QIAGEN, Hilden, Germany). Samples were loaded into
capillary tubes and incubated in the Lightcycler for an
initial denaturation at 95 �C for 900 s, followed by 55
cycles, each cycle consisting of 95 �C for 10 s, 56 �C for
10 s, and 72 �C for 15 s. The following oligonucleotide
primers were used: UCP-1 (accession no. M21222+
M21244) ATG GTG AAC CCG ACA ACT TCC GAA
GTG (sense) and GTA CTG GAA GCC TGG CCT
TCA CCT TGG (antisense), hypoxanthine guanine
phosphoribosyl transferase (HPRT) (accession no.
NM_013556) GTT GGA TAC AGG CCA GAC TTT
GT (sense) and CAC AGG ACT AGA ACA CCT GC
(anti-sense). Cycle-to-Cycle SYBR Green I fluorescence
emission readings were monitored. Quantification was
done by using the second derivative maximum method of
the LightCycler Software (Roche Molecular Biochemi-
cals, Mannheim, Germany) which determines the crossing
points of individual samples by an algorithm identifying
the first turning point of the fluorescence curve. This
turning point corresponds to the first maximum of the
second derivative curve and correlates inversely to the log
of the initial template concentration. UCP-1 mRNA
levels were normalized to those of HPRT. Amplification
of specific transcripts was confirmed by producing melting
curve profiles (cooling the sample to 65 �C for 10 s and
heating slowly to 95 �C in steps of 0·2 �C/s with continu-
ous measurement of fluorescence) at the end of each run.

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. Unpaired student’s t-test
was used for determination of statistical significance. P
values<0·05 are considered significant, those<0·01 highly
significant.

Results

CNTF stimulates STAT3 phosphorylation in brown
adipocytes

Treatment of brown adipocytes with CNTF resulted in
a dose- and time-dependent induction of STAT3 phos-
phorylation with a maximal seven-fold increase at a
concentration of 10 nM after 10 min (Fig. 1A and B).

CNTF induces MAP kinase phosphorylation

MAP kinase is an important signalling molecule mediating
control of gene transcription in response to growth factors.
CNTF treatment potently induced p42/p44 MAP kinase
phosphorylation (Fig. 2A and B), but not p38 MAP kinase
phosphorylation (data not shown). The effect on p42/p44
MAP kinase was dose- and time-dependent with a maxi-
mal approximately four-fold stimulation at a CNTF
concentration of 10 nM (Fig. 2A and B).

MAP kinase phosphorylation by CNTF is mediated via
several independent pathways involving PI3-kinase and PKC

Inhibition of Janus kinase 2 (JAK2), a key proximal
signalling element for STAT signalling, by Ag490 de-
creased the CNTF-induced MAP kinase phosphorylation
by 45% (Fig. 2C). As expected, pretreatment of brown
adipocytes with PD98059, a selective MEK kinase inhibi-
tor, completely abrogated the stimulatory CNTF effect
(Fig. 2C). Interestingly, the selective phosphatidylinositol
3 (PI3) -kinase inhibitor LY294002 (10 µM) diminished
the CNTF effect on MAP kinase by 50% (Fig. 2D).
Similarly, treatment of cells with the protein kinase C
(PKC) inhibitor GF109203X (5 µM) also reduced the
CNTF effect by approximately 55% (Fig. 2D). Moreover,
concurrent inhibition of both PI3-kinase and PKC com-
pletely abrogated the positive CNTF effect on MAP
kinase phosphorylation, thus suggesting an additive effect
of both signalling molecules (Fig. 2D).

CNTF stimulates Akt phosphorylation in a PI3-kinase- and
PKC-dependent but mTor-independent manner

Akt is a main signalling element most likely involved in
mediating metabolic cellular responses such as glucose
transport. CNTF stimulation resulted in a dose- and
time-dependent increase in Akt phosphorylation, with a
three- to five-fold stimulation at a CNTF-concentration of
10 nM after 10 min (Fig. 3A and B). JAK2 inhibition with
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Ag490 (100 µM) led to an almost complete abrogation
of CNTF’s stimulatory effect on Akt phosphorylation
(Fig. 3C). Similarly, inhibition of PI3-kinase (LY294002,
10 µM) potently blocked CNTF’s effect on Akt activation
(Fig. 3C). However, inhibition of mammalian target of
rapamycin (mTor) (rapamycin, 10 nM) did not signifi-
cantly alter the CNTF effect (Fig. 3C). By contrast and
similar to PI3-kinase, inhibition of PKC (GF109203X,
5 µM) decreased the CNTF-induced Akt activation by
about 70% (Fig. 3D).

CNTF induces p70 S6 kinase phosphorylation in a
PI3-kinase-, mTor-, and PKC-dependent manner

CNTF treatment of brown adipocytes resulted in a
dose- and time-dependent effect on p70 S6 kinase phos-
phorylation, with a fivefold stimulation after treatment
with 10 nM CNTF for 10 min (Fig. 4A and B). As seen
previously, JAK2 inhibition with Ag490 (100 µM)
decreased the CNTF-mediated p70 S6 kinase phosphoryl-
ation by approximately 90% (Fig. 4C). PI3-kinase inhibi-
tion (LY294002, 10 µM) also diminished the CNTF-
mediated p70 S6 kinase phosphorylation by 80% (Fig.
4C). In contrast to Akt activation, mTor inhibition by
rapamycin (10 nM) similarly reduced the CNTF-induced
p70 S6 kinase phosphorylation by about 50% (Fig. 4C).
Again, PKC inhibition (GF109203X, 5 µM) reduced
the CNTF-induced p70 S6 kinase phosphorylation by
approximately 90% (Fig. 4D).

CNTF enhances �3-adrenergic induction of UCP-1
expression

To test effects of CNTF on a functional level which
is specific to brown adipocytes and important to the
regulation of energy homeostasis, we assessed UCP-1
expression in differentiated cells. After 2 h of treatment
with 100 nM of the selective �3-adrenoceptor agonist
CL316243 there was an approximately 2-fold increase in
UCP-1 mRNA expression as compared with basal levels
(Fig. 5). This increase was potently and significantly
enhanced by pretreatment of adipocytes with CNTF
(10 nM) for 2 h. The same effect was seen on the protein
level (see inset, Fig. 5). CNTF treatment alone did not
have a positive effect on basal UCP-1 mRNA expression
but rather decreased it (Fig. 5). Furthermore, we did not
find an effect of CNTF treatment on adipocyte differen-
tiation or insulin-induced glucose uptake (data not
shown).

Discussion

This study demonstrates direct and potent peripheral
effects of CNTF on adipose tissue signalling and metab-
olism. Recent studies have elucidated an anorexigenic role

Figure 1 Ciliary neurotrophic factor (CNTF) induces STAT3
phosphorylation in a time- and dose-dependent manner. Following
starvation for 48 h in serum-free medium cells were incubated
with different concentrations of CNTF for 10 min (A) and for
various time periods at a CNTF concentration of 10 nM (B),
respectively. Protein lysates were prepared and immunoblotted
using a phosphospecific STAT3 (Tyr 705) antibody. A
representative immunoblot showing the band of interest (80 kDa)
and a bar graph analysis including the S.E.M. of three to six
independent experiments are shown. *P<0·05 comparing
non-stimulated to CNTF-treated cells.
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for CNTF in the central nervous system regulation of
energy homeostasis (Gloaguen et al. 1997, Lambert et al.
2001). To our knowledge however, this is the first report
to demonstrate that CNTF selectively and potently acti-
vates main growth factor and metabolic signalling path-
ways in a peripheral tissue which is of primary importance

to the regulation of body weight and insulin resistance.
Moreover, CNTF appears to enhance �3-adrenergic
induction of UCP-1, the brown adipose tissue-specific
protein which generates heat instead of ATP by un-
coupling oxidative phosphorylation in the mitochondria
(Klaus 1997, Nicholls et al. 1984). This suggests a role for

Figure 2 CNTF-induced activation of MAP kinase is JAK2-, PKC-, and PI3-kinase-dependent. After serum-starvation for 48 h cells
were incubated with different concentrations of CNTF for 10 min (A) and for various time periods at a CNTF concentration of
10 nM (B), respectively. Furthermore, cells were pretreated with the pharmacological inhibitors as indicated prior to CNTF
application (C, D). Pretreatment with the JAK2-inhibitor Ag490 (100 M), the MEK kinase inhibitor PD98059 (�PD�, 10 M), the
PKC inhibitor GF109203X (�GFX�, 5 �M) and the PI3-kinase inhibitor LY294002 (�LY�, 10 �M) was for 60 min respectively. MAP
kinase phosphorylation was assessed by immunoblotting cell lysates with a phosphospecific antibody to p44/p42 MAP kinase.
A bar graph analysis together with a representative immunoblot showing the bands of interest (42 and 44 kDa, respectively) are
shown including the S.E.M. of three to six independent experiments. *P<0·05, **P<0·01 comparing non-stimulated to
CNTF-treated cells (A, B) and CNTF-treated to inhibitor-treated cells (C), respectively, unless indicated otherwise (D).
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CNTF in the peripheral regulation of energy homeostasis.
Both white and brown adipose tissue have become targets
of intense research to investigate physiological and
molecular mechanisms leading to insulin resistance, as
adipocyte metabolism is closely linked to maintaining
energy homeostasis (Kahn et al. 2000, Lowell et al. 1997,
Spiegelman et al. 2001). We have previously shown that

immortalized brown adipocytes provide an excellent
model system to investigate mechanisms leading to insulin
resistance and dysregulation of energy balance (Fasshauer
et al. 2000, Fasshauer et al. 2001a, Klein et al. 1999, Klein
et al. 2000, Klein et al. 2002).

The present findings identify both important growth
factor and metabolic signalling intermediates such as MAP

Figure 3 CNTF-mediated Akt phosphorylation is dependent on JAK2, PKC and PI3-kinase, but not mTor. Cells were
serum-starved for 48 h and exposed to different concentrations of CNTF for 10 min (A) and for various time periods at a CNTF
concentration of 10 nM (B), respectively. Furthermore, cells were pretreated with the indicated inhibitors prior to CNTF
application (C, D). Pretreatment with Ag490 (100 �M), GF109203X (�GFX�, 5 �M) and LY294002 (�LY�, 10 �M) was for 60 min,
with rapamycin (�Rap�, 10 nM) for 15 min. Akt phosphorylation was assessed by immunoblotting cell lysates with a
phosphospecific antibody to Akt (Ser 473). A representative immunoblot showing the band of interest (60 kDa) and a bar graph
analysis of three to seven independent experiments including the S.E.M. are depicted. *P<0·05, **P<0·01 comparing
non-stimulated to CNTF-treated cells (A, B) and CNTF-treated to inhibitor-treated cells (C, D) respectively.
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kinase, PI3-kinase, Akt, and p70 S6 kinase as molecular
targets for direct CNTF activation in brown adipocytes,
and delineate respective signalling cascades. CNTF causes
a robust increase in STAT3 phosphorylation in brown
adipocytes which is consistent with findings in a variety of
neuronal cell-populations (Rajan 1996, Wishingrad et al.
1997). Furthermore, while there is no effect on p38 MAP

kinase activation, CNTF selectively activates p42/44
MAP kinase. This activation appears partially JAK2-
dependent which is in accordance with a report from
neuroblastoma cells (Lelievre et al. 2001).

Interestingly, both PI3-kinase and PKC inhibition ad-
ditively inhibit CNTF-induced MAP kinase activation in
brown adipocytes, thereby placing PI3-kinase upstream of

Figure 4 CNTF induces p70 S6 kinase via PI3-kinase-, PKC-, and mTor-dependent pathways. After serum-starvation for 48 h
cells were incubated with different concentrations of CNTF for 10 min (A) and for various time periods at a CNTF concentration
of 10 nM (B), respectively. Furthermore, cells were pretreated with the pharmacological inhibitors as indicated prior to CNTF
application (C, D). Pretreatment with Ag490 (100 �M), GF109203X (�GFX�, 5 �M) and LY294002 (�LY�, 10 �M) was for 60 min,
with rapamycin (�Rap�, 10 nM) for 15 min. P70 S6 kinase phosphorylation was assessed by immunoblotting cell lysates with a
phosphospecific antibody to p70 S6 kinase(Thr421/Ser 424). A representative immunoblot showing the band of interest
(70 kDa) and a bar graph analysis of three to eight independent experiments including the S.E.M. are depicted. *P<0·05,
**P<0·01 comparing non-stimulated to CNTF-treated cells (A, B) and CNTF-treated to inhibitor-treated cells (C, D) respectively.
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MAP kinase and attributing separate roles to PI3-kinase
and PKC in the CNTF signalling cascades leading to
MAP kinase activation. PI3-kinase and PKC dependence
of MAP kinase activation has not been reported for CNTF
signalling so far. Our results suggest further that PI3-
kinase and PKC-dependent pathways represent the main
routes of CNTF-induced MAP kinase activation, as the
combination of inhibitors for both signalling molecules
completely suppresses the CNTF effect on MAP kinase.

CNTF also induces Akt and p70 S6 kinase phos-
phorylation in a dose- and time- dependent manner. The
almost complete abrogation of CNTF effects by JAK2
inhibition with Ag490 in our experiments is in agreement
with other studies implicating the JAK/Tyk family of
kinases in IL6-family-cytokine signalling (Narazaki et al.
1994, Stahl 1994). Treatment with the selective PI3-
kinase inhibitor LY294002 significantly inhibits both Akt
and p70 S6 kinase phosphorylation, while treatment with
the selective mTor inhibitor rapamycin significantly in-
hibits p70 S6 kinase, but not Akt phosphorylation. This is
concordant with a recent study by Oh et al. on the relative
positions of Akt and p70 S6 kinase in signalling cascades
stimulated by IL6-family cytokines (Oh et al. 1998).
Inhibition of PKC potently inhibits CNTF-induced Akt
and p70 S6 kinase phosphorylation. Although not shown
for CNTF signalling, this correlates with other reports
showing a PKC dependence of Akt and p70 S6 kinase
activation (Matsumoto et al. 2001, Romanelli et al. 1999).

While it appears plausible that the decrease in Akt
phosphorylation resulting from PKC inhibition should
extend downstream to p70 S6 kinase, it should be
noted that there is evidence for a direct inhibition of
p70 S6 kinase by the PKC inhibitor GF109203X (Alessi
1997).

Interestingly, activation of signalling pathways in brown
adipocytes, on a functional level, corresponds with CNTF-
mediated enhancement of �3-adrenergic induction of
UCP-1. As UCP-1 is a mitochondrial uncoupler of
oxidative phosphorylation and, therefore, contributes to a
negative energy balance by producing heat instead of
ATP, this suggests an important peripheral effect of CNTF
on the control of energy homeostasis. However, the effect
may be part of a complex signalling network, since CNTF
treatment alone appears to decrease basal UCP-1 expres-
sion. In support of a selective role of CNTF on adipocyte
metabolism we do not find alterations of insulin-
induced glucose uptake and adipocyte differentiation in
CNTF-treated cells.

In summary, this study characterizes direct peripheral
effects of the centrally acting anorexigenic neuropeptide
CNTF on multiple growth factor and metabolic signalling
pathways in brown adipose tissue. Furthermore, CNTF
potently augments �3-adrenergic stimulation of UCP-1
expression. This may indicate an important role of adipose
tissue in mediating CNTF�s negative effects on energy
balance.

Figure 5 CNTF enhances �3-adrenergic induction of UCP-1 expression. Differentiated
brown adipocytes were stimulated for 2 h with the selective �3-adrenoceptor agonist
CL316243 (Cl-b3, 100 nM) either alone or after pretreatment of cells for 2 h with
CNTF (10 nM). CNTF treatment alone was for 4 h. Total RNA was isolated and
subjected to quantitative real-time RT-PCR as described in Materials and Methods. A
bar graph analysis of three independent experiments including the S.E.M. is depicted.
* denotes P<0·05 comparing treatment with the �3-adrenoceptor agonist alone to
combined treatment with the �3-adrenoceptor agonist and CNTF. Inset: immunoblot
showing the band of interest (32 kDa) using a UCP-1-specific antibody from cells
treated as indicated (10 nM CNTF 2 h prior to Cl-b3 100 nM for 22 h).
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