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Abstract

Recently we found that interleukin-6 (IL-6) knockout mice develop mature-onset obesity and that a single intracerebroven-

tricular (ICV) injection of IL-6 increases energy expenditure. In the present study we investigated if chronic ICV treatment with IL-6

can suppress body fat mass. IL-6 was injected ICV daily for two weeks to rats fed a high-fat diet. IL-6 treatment but not saline

treatment decreased body weight by 8.4% and decreased the relative weights of mesenteric and retroperitoneal fat pads. Consistent

with this, circulating leptin levels were decreased by 40% after IL-6 treatment but not after saline treatment. Average food intake per

day was decreased in the IL-6 treated group compared to the saline treated rats. IL-6 treatment did not change hepatic expression of

the acute-phase protein haptoglobin, serum levels of insulin or insulin-like growth factor-I, or the weights of the heart, liver, kidneys,

adrenals, and spleen. We conclude that centrally administered IL-6 can decrease body fat in rats without causing acute-phase re-

action. � 2002 Elsevier Science (USA). All rights reserved.
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Obesity and obesity-related disorders are among the
leading causes of illness and mortality in the developed
world [1]. Obesity is caused by an imbalance between
food intake and energy expenditure, two factors that are
to a large extent regulated by the hypothalamus [2]. The
regulation of energy homeostasis by the hypothalamus
is influenced for example by the adipose tissue derived
hormone leptin. Leptin levels in blood reflect adipose
tissue mass and leptin treatment can reverse obesity in
leptin-deficient mice [3,4]. Central treatment with leptin
is more potent than systemic treatment showing that
leptin acts at the hypothalamic level to decrease food
intake and body weight [5].
Recently we demonstrated that interleukin-6 (IL-6)-

deficient mice developed obesity and obesity-related
metabolic disorders and that these effects could partly be
reversed by IL-6 replacement [6]. IL-6 is well known for
its effects on immune functions and is released from

immune cells during inflammation [7]. However, IL-6
also has important anti-inflammatory properties, such
as down regulation of the inflammatory cytokines tumor
necrosis factor a (TNFa) and interferon c during acute-
phase reaction [8]. In the absence of inflammation, cir-
culating IL-6 is to a large part derived from adipose
tissue [9] and IL-6 levels in blood correlate with adipose
tissue mass [9,10], in a way similar to leptin. Both short-
term and long-term changes in food intake increase se-
rum levels of IL-6 [11,12]. Circulating IL-6 levels, but
not TNFa and interleukin 1b (IL-1b), increase during
exercise due to increased expression of IL-6 in skeletal
muscle [13,14]. Further, IL-6 and its receptor are ex-
pressed in discrete hypothalamic nuclei that have an
established role in the regulation of metabolism and
body composition [15,16]. Therefore, several non-im-
mune organs that have an established role in the regu-
lation of metabolism and body composition also
produce IL-6.
We and others have reported that intracerebroven-

tricular (ICV) injection of a low dose of IL-6 but not
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peripheral treatment with the same dose, acutely in-
creases energy expenditure [6,17]. Moreover, it has been
reported that ICV treatment with IL-6 can suppress 2-h
food intake [18], but not 24-h food intake [19]. However,
to our knowledge, it has not been investigated whether
long-term treatment with centrally acting IL-6 can de-
crease body fat. The aim of the present study was to
investigate whether central treatment with IL-6 can de-
crease adipose tissue mass and body weight in non-IL-6-
deficient animals.

Materials and methods

Animals. Male Wistar rats (Charles River, Margate, UK) were

maintained under standardised environmental conditions, i.e., 24–

26 �C, 50–60% relative humidity, artificial lighting at 06.00–19.00 h,
with water and pelleted food ad libitum. The rats were placed on high

fat diet (Dairy Butter Diet, 40-energy % fat, ICN Biomedicals, Costa

Mesa, CA, USA) two weeks before ICV cannulation and were kept

on the diet throughout the study. All animal procedures were con-

ducted in accordance with the UK Animals (Scientific Procedures)

Act 1986.

Intracerebroventricular (ICV) cannulation. The rats were anaes-

thetised by intraperitoneal injection of tribromoethanol/amylhydrate

(avertin, 10ml/kg) and placed in a stereotactic frame with the nose bar

set at 3mm below the interaural line. Permanent 28 gauge stainless

steel guide cannulae (Plastics-One, Roanoke, VA, USA) were posi-

tioned in the lateral ventricle using stereotactic co-ordinates (0.6mm

posterior to the bregma, 1.6 mm lateral to midline and 4.0mm below

the outer surface of the skull). Guide cannulae were held in position by

dental cement attached to three stainless steel screws driven into the

skull. A stainless steel obdurator (Plastics One, Roanoke, VA, USA),

which protruded 0.5mm beyond the guide cannula, was inserted to

maintain cannula patency. After one-week recovery from the surgery,

the rats were handled on a daily basis and injected with saline. Prior to

the study, human angiotensin II (Sigma, Poole, Dorset, UK) was in-

jected ICV (150 ng per rat; volume ¼ 10ll) to confirm the correct
position of the cannula. Rats, which showed a sustained drinking re-

sponse within two minutes following injection of angiotensin II, were

included in the study [20].

Study. Two weeks after ICV cannulation, the rats were given a

daily ICV injection of either rat recombinant IL-6 (0.4lg/day, lot #
10786 J207, endotoxin content <0.1 ng=ll, PeproTech EC, London,
UK), or an equal volume (10ll) of saline (Animal Care limited,
York, UK) for two weeks. Measurement of specific activity of this lot

of IL-6 by the in vitro bioassay (SBH Sciences, Natick, MA, USA)

showed an ED506 0:01 ng/ml. A third group was injected with an

irrelevant peptide, Apelin-13, (3 nmol/day, Phoenix Pharmaceuticals,

Belmont, USA) in a dose that had been shown to have acute effects

on food-intake (Sunter et al., manuscript in preparation). Food in-

take and body weight were monitored every day. At the end of the

study the rats were terminally anaesthetised (barbiturate 70 mg/kg;

Rhone Merieux, Harlow, Essex, UK). Three intra-abdominal fat pads

(gonadal, retroperitoneal, and mesenteric) and one subcutaneous fat

pad (inguinal) as well as several other organs were dissected and

weighed. The rats were not treated with IL-6 or saline the day the

study ended.

Serum analyses. A blood sample was collected from the tail vein

of conscious rats on the day before the study started. At the end of

the study, blood was collected by cardiac puncture from anaesthetised

rats. The blood samples were immediately placed on ice and later

centrifuged to obtain serum. Serum samples were kept at �80 �C
until analysed. Serum leptin and insulin were assayed using enzyme

linked immunosorbent assays (Crystal Chem, Chicago, IL, USA).

Glucose was measured using reagents from Sigma Diagnostics (In-

finity glucose reagent; Sigma diagnostics, St Louis, MO, USA). In-

sulin-like growth factor I (IGF-I) was analysed by radioimmunoassay

(Mediagnost GmbH, Tubingen, Germany). Corticosterone was

analysed by radioimmunoassay (ImmunoChem ICN Biomedicals,

CA, USA).

Western blot. Liver protein for Western blotting was prepared from

fresh frozen liver samples by sonication in a buffer containing 10mM

K2HPO4, 10mM KH2PO4, 10mM EDTA, 6.0mg/mL CHAPS (3-[(3-

Cholamidopropyl) dimethyl ammonio]-1-propanesulfonate), and one

tablet of Complete (protease inhibitor cocktail tablets, Roche,

Mannheim, Germany) per 25mL of buffer. FiftymM DTT (Dith-

iothreitol) and Novex NuPage sample buffer was added to the samples

(Novex, San Diego, CA). Fifty lg protein per sample was run on
NuPage 4–12% gradient gels in MOPS buffer using a Novex Xcell II

system (Novex), and then transferred to PVDF (Polyvinylidene diflu-

oride) membranes by electroblotting. The membranes were blocked

overnight in 5% dry milk in a TBS–Tween buffer (50mM Tris–HCl,

137mM NaCl, 0.1% Tween 20), and then incubated with a primary

rabbit-antihuman haptoglobin antibody (cross-reactive with rat hap-

toglobin; Dako, Denmark) and a secondary swine anti-rabbit HRP-

conjugated antibody (Dako). Membranes were developed using ECL+

(Amersham, Uppsala, Sweden). Quantification of protein bands was

performed by scanning of films and analysis of band volume using

ImageQuant software (Amersham).

Statistical analysis. Values are given as means� standard error of
the mean (SEM). Comparisons between two groups of rats were made

by unpaired Students t test. Comparisons within each group before

and after treatment were made by paired Students t test.

Results

Body weight

Rats were given daily ICV injections of IL-6 or sa-
line from day 1 to day 14 and body weight was mon-
itored every day. At day 5 of treatment the body
weights of the IL-6 treated group started to decrease
and deviate from the saline treated group (Fig. 1A). On
day 10, the body weights were significantly decreased in
the IL-6 treated group compared to the saline treated
group and this difference remained throughout the
study (Fig. 1A). At the end of the study, the body
weights of the IL-6 treated rats had decreased 35.6 g
(8.4%) (P < 0:003) while there was no effect on body
weight in the saline treated group (Fig. 1B). Injection
of the irrelevant peptide apelin, did not affect body
weight, suggesting that the effect of IL-6 was not due
to a non-specific protein effect (before: 414:5� 11:8 g,
after: 416:5� 12:2 g, ns).

Food intake

Daily food intake per body weight was not signifi-
cantly lower in the IL-6 treated group compared to the
saline treated group (Fig. 2A). However, the average
daily food intake measured over the whole study was
decreased in the IL-6 treated group compared to the
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saline treated group (Fig. 2B). Apelin treatment did not
change food intake compared to the saline treated group
(saline: 19:8� 1:2 g vs. apelin 19:0� 1:3 g, ns).

Dissected fat pads and serum leptin

Fat pads were dissected and weighed at the end of the
study. The total weight of all dissected fat pads was
significantly lower in the IL-6 treated compared to the
saline treated group (Fig. 3A). The relative weights of
the mesenteric and retroperitoneal fat pads were de-
creased by 20 and 30%, respectively, in the IL-6 treated
compared to the saline treated group (Fig. 3B). In line
with the decreased weight of dissected fat pads, circu-
lating leptin levels were decreased by 40% in the IL-6
treated group at the end of the study compared to before
treatment (Fig. 3C). The leptin levels of the IL-6 treated
group also tended to be lower than in the saline treated
group at the end of the study (P ¼ 0:054) (Fig. 3C).
Leptin levels in the saline treated rats were not signifi-

Fig. 1. Changes in body weight during two weeks of ICV treatment

with IL-6 (0.4lg/day) or saline to male rats on a high fat diet (A).
Body weights before (day 0) and after (day 14) two weeks of ICV

treatment with saline or IL-6 (B). *P < 0:05, **P < 0:01 vs. corre-
sponding control. n ¼ 7–9.

Fig. 2. Variations in daily food intake/body weight over a two-week

ICV treatment period with IL-6 (0.4lg/day) or saline (A). Average
daily food intake during the whole study (g/day) in saline and IL-6

treated rats (B). *P < 0:05, vs. corresponding control. n ¼ 7–9.

Fig. 3. Dissected fat pads and serum leptin. Three intra-abdominal fat

pads (gonadal (Gon), retroperitoneal (Ret), and mesenteric (Mes)) and

the inguinal (Ing) fat pad (a subcutaneous fat pad in the groin) were

dissected. The total weight of the dissected fat pads after two weeks of

ICV treatment with saline or IL-6 (0.4 lg/day) (A). Comparison be-
tween the relative weight of the different dissected fat pads (% of body

weight) after saline and IL-6 treatment (B). Leptin levels before and

after two weeks of ICV treatment with saline or IL-6 treatment (C).

(A, B) *P < 0:05, vs. corresponding control, (C) **P < 0:01 vs. before
IL-6 treatment n ¼ 7–9.
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cantly decreased during the study (Fig. 3C). There was
no difference in the total weight of the dissected fat pads
(23:7� 1:5 vs 22:8� 2:1 g, ns) or the relative weights of
any of the dissected fat pads (not shown) between the
saline treated animals and the apelin treated animals.

Serum chemistry

The levels of insulin-like growth factor-I (IGF-I) in
serum did not change from the start to the end of the
study and did not differ between the groups (saline:
975:3� 31:1 vs. 923:6� 42:9 ng/ml and IL-6: 1012:2 �
35:5 vs. 949:2� 51:1 ng/ml). Insulin levels were not
changed during the study in either group and were not
different between the groups (saline: 3:06� 0:39 vs.
4:71� 1:88 ng/ml and IL-6: 3:76� 0:67 vs. 3:43 �
0:42 ng/ml). Glucose levels were not significantly differ-
ent between the IL-6 and saline treated groups at the end
of the study (saline vs. IL-6: 274:8� 9:6 vs. 248:0 �
13:4 ng/ml). Corticosterone levels were significantly in-
creased by about 60% after IL-6 treatment (123:3 �
22:2 ng/ml vs. 204:8� 19:4 ng/ml, P < 0:01) but not by
saline treatment (214:1� 38:4 vs. 159:4� 33:2 ng/ml).
Neither the saline nor the IL-6 treated rats showed any
signs of illness such as staring coat, reduced grooming,
or discharge from eyes, or reluctance to move.

Liver haptoglobin

Haptoglobin was measured in livers from saline and
IL-6 treated rats, to assess acute-phase reaction. The
liver of a rat in the animal colony that was killed because
of signs of illness was used as a positive control for
acute-phase reaction. Quantification of the Western
blots showed that haptoglobin expression did not differ
between saline and IL-6 treated rats, while it was in-
creased in the ill animal (Figs. 4A and B).

Organ weights

The relative weights of the heart, liver, kidneys, ad-
renals, and spleen were not affected by IL-6 treatment
compared to saline treatment (Table 1). Despite the in-
crease in serum corticosterone levels, there was no in-
crease in adrenal weight in IL-6 treated rats arguing
against a pronounced long-term activation of the adre-
nals. Apelin treatment did not affect the weights of any
of the dissected organs compared to saline treatment
(not shown).

Discussion

This study provides the first demonstration that
chronic central treatment with IL-6 reduces adipose
tissue mass. The decrease in adipose tissue mass after

IL-6 treatment in rats fed a high fat diet was accom-
panied by a decrease in leptin levels, while the weight of
several non-fat organs was unchanged. The average
food intake per day measured over the whole two-week
study was decreased in the IL-6 treated group. Central
administration of IL-6 did not affect levels of IGF-I,
insulin, or the acute-phase reactant haptoglobin, while
corticosterone levels were increased, as reported previ-
ously [21].
Energy homeostasis is regulated by a balance between

energy expenditure and food intake and the neural
pathways that control these two factors are tightly in-
terrelated [22]. The mechanism resulting in decreased
adipose tissue mass in the present study may therefore
be a combination of increased energy expenditure, as we
and others have reported previously [6,17], and the
slight reduction of food intake that we saw in the present
study. Previous studies have reported suppression of 2-h
food intake after a single ICV injection, but not of 24-h
food intake following chronic ICV IL-6 infusion with
osmotic minipumps [18,19].

Table 1

Organ weights

Saline IL-6

Adrenal glands (% of body

weight)

0.031� 0.00 0.031� 0.00

Heart (% of body weight) 0.29� 0.01 0.29� 0.01
Liver (% of body weight) 7.12� 0.27 7.31� 0.24
Spleen (% of body weight) 0.41� 0.02 0.49� 0.04
Kidneys (% of body weight) 0.69� 0.02
Organs were dissected and weighed after ICV treatment with saline

or IL-6 (0.4 lg/day) for two weeks (n ¼ 7–9).

Fig. 4. Hepatic expression of haptoglobin was measured by Western

blotting after two weeks of ICV treatment with saline or IL-6 (0.4 lg/
day). The liver from a rat with behavioural signs of illness was included

as a positive control (PC) (A). Quantification of haptoglobin expres-

sion by densitometry of Western blots (B). n ¼ 7–9 (n ¼ 1 for positive
control).
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IL-6 in high doses over a long time may affect lean
body mass. Chronic and extreme elevation of IL-6 levels
throughout the whole developmental period causes
muscle atrophy in some IL-6-transgenic mouse models
[23]. This muscle atrophy has been assumed to mimic the
muscle wasting during severe infections and cancer
cachexia [23,24]. However, mice carrying an IL-6 se-
creting tumour for 18 days with IL-6 levels of up to
40 ng/ml in blood displayed a specific reduction of body
fat, but no change in lean body mass, compared to pair-
fed mice bearing a non-IL-6-secreting tumour [25]. At
the end of this study serum IL-6 levels were 40 ng/ml,
which is higher than the levels seen during bacterial in-
fection and sepsis [26]. The latter reports support our
data that IL-6 has a specific effect on adipose tissue mass
in adult animals. In the present study we have elimi-
nated the possibility that effects of tumour burden and
secretion of other factors from the tumour are permis-
sive for the effect of IL-6 on adipose tissue mass.
Stunted growth is observed in some IL-6 transgenic

mouse lines and this effect is thought to be due to
decreased serum IGF-I levels [27]. In the present
study, serum IGF-I levels and the weights of several
non-adipose organs were not affected by the ICV IL-6
treatment. Moreover, IL-6 treated rats did not have
acute-phase reaction, and did not show behavioural
alterations associated with illness, which is also in line
with earlier studies [21].
Ciliary neurotrophic factor (CNTF) is a cytokine that

is structurally related to IL-6. The ligand binding parts
of the CNTF receptor and the IL-6 receptor are closely
related and both bind to the same signal transducing
subunit (gp130) [28,29]. Low doses of CNTF, which do
not cause acute-phase reaction or fever, have been
shown to reduce body fat in mice with diet induced
obesity [30,31] and clinical trials with a CNTF analogue
have shown that CNTF can reduce body weight also in
humans [32]. Comparisons between the effects of chronic
treatment with high doses of CNTF or IL-6, that both
caused similar degrees of acute-phase reaction, showed
that CNTF caused protein degradation and anorexia,
while neither of these effects were observed after IL-6
treatment [33]. This suggests that IL-6 is even less cat-
abolic than CNTF.
It remains unclear whether the endogenous IL-6 that

participates in the regulation of body composition at the
CNS level originates from the CNS or the periphery. A
large part of circulating IL-6 is derived from adipose
tissue during normal, non-inflammatory conditions in
humans, and IL-6 levels correlate well with BMI
[9,10,34]. IL-6 could be a mediator in the feedback
regulation from adipose tissue to the hypothalamus, in a
similar manner to the adipostat hormone leptin [3]. IL-6
is also produced and released in high amounts to the
circulation from muscle tissue during exercise [13,14] but
it is not known to which extent this IL-6 reaches the

CNS. Another possibility is that IL-6 produced locally
in the CNS may be of importance for the regulation of
energy homeostasis. IL-6 is produced by neurons in the
hypothalamus in areas involved in the regulation of
body composition [15,16]. IL-6, like CNTF, is also
produced by non-neuronal cells within the CNS, e.g.,
microglia [35]. Thus the origin of the centrally acting
endogenous IL-6 is not clear and it also remains to be
determined whether IL-6 given peripherally, at higher
doses than those given centrally in the present study has
a therapeutic potential in the treatment of obesity in
humans.
In summary, the results from the present study show

that ICV administration of IL-6 decreases adipose tissue
mass in rats. Taken together, our present and previous
data [6] show that IL-6 has a physiological and possibly
pharmacological role in regulation of body fat at the
CNS level by increasing energy expenditure and to a
certain degree by reducing food intake.

Acknowledgments

We thank Maud Petterson at the Dept. Clinical Pharmacology,

Sahlgrenska University Hospital, for analysing the serum samples. We

also thank Dr Adrian K Hewson and Loraine C.Y. Tung at the Dept.

Physiology, University of Cambridge for valuable discussions and help

at the lab. Research supported by the European Commission

(Framework 5, QLRT-1999-02038), Swedish Research Council (9894),

the Swedish Foundation for International Corporation in Research

and Higher Education (STINT), Bergvall Foundation, Assar Gabr-

ielsson Foundation, Swedish Medical Society, Gothenburg Medical

Society, the Swedish Society for Medical Research, and the British

MRC (G9802186).

References

[1] P.G. Kopelman, Obesity as a medical problem, Nature 404 (2000)

635–643.

[2] C.B. Lawrence, A.V. Turnbull, N.J. Rothwell, Hypothalamic

control of feeding, Curr. Opin. Neurobiol. 9 (1999) 778–783.

[3] J.M. Friedman, J.L. Halaas, Leptin and the regulation of body

weight in mammals, Nature 395 (1998) 763–770.

[4] J.S. Flier, E. Maratos-Flier, Obesity and the hypothalamus: novel

peptides for new pathways, Cell 92 (1998) 437–440.

[5] J.L. Halaas, C. Boozer, J. Blair-West, N. Fidahusein, D.A.

Denton, J.M. Friedman, Physiological response to long-term

peripheral and central leptin infusion in lean and obese mice, Proc.

Natl. Acad. Sci. USA 94 (1997) 8878–8883.

[6] V. Wallenius, K. Wallenius, B. Ahren, M. Rudling, H. Carlsten,

S.L. Dickson, C. Ohlsson, J.O. Jansson, Interleukin-6-deficient

mice develop mature-onset obesity, Nat. Med. 8 (2002) 75–79.

[7] J. van Snick, Interleukin-6: an overview, Annu. Rev. Immunol. 8

(1990) 253–278.

[8] Z. Xing, J. Gauldie, G. Cox, H. Baumann, M. Jordana, X.F. Lei,

M.K. Achong, IL-6 is an antiinflammatory cytokine required for

controlling local or systemic acute inflammatory responses,

J. Clin. Invest. 101 (1998) 311–320.

[9] V. Mohamed-Ali, S. Goodrick, A. Rawesh, D.R. Katz, J.M.

Miles, J.S. Yudkin, S. Klein, S.W. Coppack, Subcutaneous

adipose tissue releases interleukin-6, but not tumor necrosis

564 K. Wallenius et al. / Biochemical and Biophysical Research Communications 293 (2002) 560–565



factor-alpha, in vivo, J. Clin. Endocrinol. Metab. 82 (1997) 4196–

4200.

[10] A.N. Vgontzas, D.A. Papanicolaou, E.O. Bixler, A. Kales,

K. Tyson, G.P. Chrousos, Elevation of plasma cytokines

in disorders of excessive daytime sleepiness: role of sleep distur-

bance and obesity, J. Clin. Endocrinol. Metab. 82 (1997) 1313–

1316.

[11] Z. Orban, A.T. Remaley, M. Sampson, Z. Trajanoski, G.P.

Chrousos, The differential effect of food intake and beta-adren-

ergic stimulation on adipose-derived hormones and cytokines in

man, J. Clin. Endocrinol. Metab. 84 (1999) 2126–2133.

[12] J.P. Bastard, C. Jardel, E. Bruckert, P. Blondy, J. Capeau, M.

Laville, H. Vidal, B. Hainque, Elevated levels of interleukin6 are

reduced in serum and subcutaneous adipose tissue of obese

women after weight loss, J. Clin. Endocrinol. Metab. 85 (2000)

3338–3342.

[13] K. Ostrowski, T. Rohde, S. Asp, P. Schjerling, B.K. Pedersen,

Pro- and anti-inflammatory cytokine balance in strenuous exercise

in humans, J. Physiol. 515 (1999) 287–291.

[14] I.H. Jonsdottir, P. Schjerling, K. Ostrowski, S. Asp, E.A. Richter,

B.K. Pedersen, Muscle contractions induce interleukin-6 mRNA

production in rat skeletal muscles, J. Physiol. 528 Pt 1 (2000) 157–

163.

[15] B. Schobitz, E.R. de Kloet, W. Sutanto, F. Holsboer, Cellular

localization of interleukin 6 mRNA and interleukin 6 receptor

mRNA in rat brain, Eur. J. Neurosci. 5 (1993) 1426–1435.

[16] K. Shizuya, T. Komori, R. Fujiwara, S. Miyahara, M. Ohmori, J.

Nomura, The expressions of mRNAs for interleukin-6 IL-6 and

the IL-6 receptor IL-6R in the rat hypothalamus and midbrain

during restraint stress, Life Sci. 62 (1998) 2315–2320.

[17] N.J. Rothwell, N.J. Busbridge, R.A. Lefeuvre, A.J. Hardwick, J.

Gauldie, S.J. Hopkins, Interleukin-6 is a centrally acting endog-

enous pyrogen in the rat, Can. J. Physiol. Pharmacol. 69 (1991)

1465–1469.

[18] C.R. Plata-Salaman, Anorexia induced by activators of the signal

transducer gp 130, Neuroreport 7 (1996) 841–844.

[19] C.R. Plata-Salaman, G. Sonti, J.P. Borkoski, C.D. Wilson, J.M.b.

French-Mullen, Anorexia induced by chronic central administra-

tion of cytokines at estimated pathophysiological concentrations,

Physiol. Behav. 60 (1996) 867–875.

[20] J.M. Mahon, M. Allen, J. Herbert, J.T. Fitzsimons, The associ-

ation of thirst, sodium appetite and vasopressin release with c-fos

expression in the forebrain of the rat after intracerebroventricular

injection of angiotensin II, angiotensin-(1-7) or carbachol, Neu-

roscience 69 (1995) 199–208.

[21] M.J. Lenczowski, R.M. Bluthe, J. Roth, G.S. Rees, D.A.

Rushforth, A.M. van Dam, F.J. Tilders, R. Dantzer, N.J.

Rothwell, G.N. Luheshi, Central administration of rat IL-6

induces HPA activation and fever but not sickness behavior in

rats, Am. J. Physiol. 276 (1999) R652–R658.

[22] B.M. Spiegelman, J.S. Flier, Obesity and the regulation of energy

balance, Cell 104 (2001) 531–543.

[23] T. Tsujinaka, C. Ebisui, J. Fujita, M. Kishibuchi, T. Morimoto,

A. Ogawa, A. Katsume, Y. Ohsugi, E. Kominami, M. Monden,

Muscle undergoes atrophy in association with increase of

lysosomal cathepsin activity in interleukin-6 transgenic mouse,

Biochem. Biophys. Res. Commun. 207 (1995) 168–174.

[24] P. Matthys, A. Billiau, Cytokines and cachexia, Nutrition 13

(1997) 763–770.

[25] S. Metzger, T. Hassin, V. Barash, O. Pappo, T. Chajek-Shaul,

Reduced body fat and increased hepatic lipid synthesis in mice

bearing interleukin-6-secreting tumor, Am. J. Physiol. Endocrinol.

Metab. 281 (2001) E957–965.

[26] S. Metzger, N. Goldschmidt, V. Barash, T. Peretz, O. Drize, J.

Shilyansky, E. Shiloni, T. Chajek-Shaul, Interleukin-6 secretion in

mice is associated with reduced glucose-6-phosphatase and liver

glycogen levels, Am. J. Physiol. 273 (1997) E262–267.

[27] F. De Benedetti, T. Alonzi, A. Moretta, D. Lazzaro, P. Costa, V.

Poli, A. Martini, G. Ciliberto, E. Fattori, Interleukin 6 causes

growth impairment in transgenic mice through a decrease in

insulin-like growth factor-I. A model for stunted growth in

children with chronic inflammation., J. Clin. Invest. 99 (1997)

643–650.

[28] R.A. Gadient, P.H. Patterson, Leukemia inhibitory factor,

Interleukin 6, and other cytokines using the GP130 transducing

receptor: roles in inflammation and injury, Stem Cells 17 (1999)

127–137.

[29] T. Hirano, Interleukin 6 and its receptor: ten years later, Int. Rev.

Immunol. 16 (1998) 249–284.

[30] P.D. Lambert, K.D. Anderson, M.W. Sleeman, V. Wong, J. Tan,

A. Hijarunguru, T.L. Corcoran, J.D. Murray, K.E. Thabet, G.D.

Yancopoulos, S.J. Wiegand, Ciliary neurotrophic factor activates

leptin-like pathways and reduces body fat, without cachexia or

rebound weight gain, even in leptin-resistant obesity, Proc. Natl.

Acad. Sci. USA 98 (2001) 4652–4657.

[31] I. Gloaguen, P. Costa, A. Demartis, D. Lazzaro, A. Di Marco, R.

Graziani, G. Paonessa, F. Chen, C.I. Rosenblum, L.H. Van der

Ploeg, R. Cortese, G. Ciliberto, R. Laufer, Ciliary neurotrophic

factor corrects obesity and diabetes associated with leptin

deficiency and resistance, Proc. Natl. Acad. Sci. USA 94 (1997)

6456–6461.

[32] G.A. Bray, L.A. Tartaglia, Medicinal strategies in the treatment of

obesity, Nature 404 (2000) 672–677.

[33] N.J. Espat, T. Auffenberg, J.J. Rosenberg, M. Rogy, D. Martin,

C.H. Fang, P.O. Hasselgren, E.M. Copeland, L.L. Moldawer,

Ciliary neurotrophic factor is catabolic and shares with IL-6 the

capacity to induce an acute phase response, Am. J. Physiol. 271

(1996) R185–R190.

[34] S.K. Fried, D.A. Bunkin, A.S. Greenberg, Omental and subcu-

taneous adipose tissues of obese subjects release interleukin-6:

depot difference and regulation by glucocorticoid, J. Clin. Endo-

crinol. Metab. 83 (1998) 847–850.

[35] M. Aschner, Immune and inflammatory responses in the CNS:

modulation by astrocytes, Toxicol. Lett. 102–103 (1998) 283–287.

K. Wallenius et al. / Biochemical and Biophysical Research Communications 293 (2002) 560–565 565


