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In vivo leptin infusion impairs insulin and leptin signalling
in liver and hypothalamus
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Abstract

Leptin resistance contributes to the pathogenesis of common obesity related metabolic diseases, including insulin resistance. However, the
relationship between leptin and insulin resistance is not clearly established. Here, we show that induced hyperleptinemia by leptin infusion
alters insulin signalling in rat liver. Leptin infusion clearly reduced the insulin or leptin dependent IRS-1/IRS-2 association to p85 regulatory
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ubunit of PI 3-kinase. Leptin infusion also abolished STAT-3 phosphorylation in response to insulin or leptin and similar results wer
or MAP-kinase phosphorylation. Hypothalamic leptin resistance was also induced by leptin infusion since leptin was unable to indu
hosphorylation. These results provide evidence that induced hyperleptinemia can contribute to the onset of insulin resistance a
epatic level.
2005 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Leptin, a hormone secreted by white adipose tissue, is
nvolved in the regulation of energy balance and glucose
omeostasis; and leptin plasma levels are well correlated
ith adipose tissue mass (Perez et al., 2004). In obese
umans, plasma leptin concentrations are high leading to

eptin-resistance which is believed to contribute to metabolic
iseases, including insulin resistance and type 2 diabetes
Ceddia et al., 2002). Since the discovery of leptin gene,
he relationship between hyperleptinemia and insulin resis-
ance has been suggested (Sivitz et al., 1997). However, the
ink between hyperleptinemia and insulin resistance remains

atter of controversy where diabetogenic or antidiabeto-
enic effects were attributed to leptin (Sivitz et al., 1997;
hinookoswong et al., 1999). Furthermore, weight loss is
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associated with reduction in leptinemia and increased in
sensitivity (Sivitz et al., 1997; Chinookoswong et al., 199).
Leptin treatment increases insulin sensitivity in norm
hyperinsulinemic or diabetic rats and corrects the diab
phenotype of ob/ob mice (Muzzin et al., 1996). Other stud
ies have showed insulin sensitivity was not affected by le
(Sivitz et al., 1997; Widdowson et al., 1998; Cases et al
2001; Zierath et al., 1998).

At the cellular level, several evidences support an in
action between leptin and insulin signaling networks. B
leptin and insulin receptors signal through common key in
cellular signalling pathways such as JAK2/STAT-3, MA
kinase and IRS/PI 3-kinase. It has been reported that l
affects insulin signalling in insulin sensitive tissues (Kim
et al., 2000) and also that insulin is able to modulate l
tin signalling through JAK2/STAT-3 signalling cascade
rat hypothalamus (Carvalheira et al., 2001). Other studie
have showed an alteration of insulin action following l
tin treatment in isolated rat adipocytes (Muller et al., 1997),
human hepatic cell line (Cohen et al., 1996) and in skeleta
303-7207/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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muscle (Sweeney et al., 2001). In HepG2 human hepatoma
cell line, leptin inhibits the insulin-induced IRS-1 phospho-
rylation. In the same cells transfected with leptin receptor
cDNA, leptin increased IRS-2 association with p85 subunit,
regulatory subunit of PI 3-kinase (Wang et al., 1997). In
FAO hepatoma cells, leptin pre-treatment transiently acti-
vated IRS/PI 3-kinase pathway (Szanto and Kahn, 2000).
In rat adipocytes, leptin impairs insulin signalling at the
level of MAP-kinase activity, insulin receptor phosphoryla-
tion and glycogen synthase-kinase phosphorylation (Perez et
al., 2004).

In vivo, leptin alters skeletal muscle insulin stimulated PI
3-kinase activity and glucose transport (Singh et al., 2003).
However, in liver, leptin seems to enhance insulin’s action,
such as reversing insulin resistance and hepatic steatosis in
patients with severe lipodystrophy (Petersen et al., 2002).
This is in good agreement with reports showing that lep-
tin reduces hepatic glucose production by decreasing the
synthesis of the key enzyme of gluconeogenesis PEPCK
(Rossetti et al., 1997; Liu et al., 1998; Anderwald et al.,
2002).

The present study aimed to investigate in normal rats the
effect of chronic leptin treatment on the hypothalamic and
liver sensitivity of JAK2/STAT-3, MAP-kinase and IRS/PI 3-
kinase signalling pathways towards leptin and insulin. We
show that after 7 days of leptin infusion (IP) in normal
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Cruz Biotechnology (Tebu, France). Nitrocellulose mem-
branes were from Euromedex (France). Ovine leptine was
produced in our laboratory as previously described (Gertler
et al., 1998).

2.2. Animals

Eighteen male Wistar rats (Harlan, France, 150–160 g, 7–8
weeks old at the beginning of the experiment) were used.
They were housed individually and placed in a temperature-
, humidity- and light-controlled room (22± 1◦C) with a
12–12 h light–dark cycle (light on: 10:00 am). Food (standard
chow diet) and water were available ad libitum in their cages.
The standard chow diet (P14 = 14.6 kJ/g) was composed of
protein energy (14.8%), fat (10.5%) and CHO supplemented
with minerals and fibres. Food intake and body weight were
measured daily at 10:00 am and fresh diets were provided.
Although spillage was minimal, when it did occur, the food
lost from the stainless holders was collected and added to the
total not yet consumed.

2.3. Chronic leptin infusion (minipumps) and treatments

After habituation for 1 week to the standard diet, the 18
rats were divided in two groups, nine rats (controls) received
s ster-
i en
p pri-
a ) for
7
m
i neal
c thal
a ith IP
l
( e to
t

2

fter
6 om
t ach
b and
i Sys-
t ere
a g/kg
B 00 g
B ena
c
u , the
l edi-
a ree
d neal
a d.
ats, there is a decrease in body fat weight and food in
oncomitant with an augmentation of plasma leptin con
rations without significant changes in glycaemia or insul
ia. In the hypothalamus of leptin infused rats, leptin b

ompletely abolished or attenuated STAT-3 or MAP-kin
hosphorylation, respectively. In liver of leptin infused r
either leptin nor insulin did increase IRS1 or IRS-2 a
iation to p85. Furthermore, we show that insulin is abl
ctivate STAT-3 and MAP-kinase phosphorylation in liver
ot in the hypothalamus of untreated rats. Our data su

hat in normal rats the progressive augmentation of pla
eptin concentrations during leptin infusion induced hypo
amic resistance to leptin and importantly it induced b
eptin and insulin resistance in liver.

. Material and methods

.1. Chemicals

Bovine serum albumin (fraction V radio immunoas
rade), leupeptin, aprotinin and protein A-agarose were
hased from Sigma Chemical Company (St. Louis, M
SA). Pre-made polyacrylamide solution Protogel

rom National Diagnostics (Prolabo, France). Antibod
irected towards IRS-1, IRS-2, total STAT-3, phospho-ST
, insulin receptor, were purchased from UBI (Eurome
rance); antibodies directed towards p44-42 MAP-kin
nd phospho-p44-42 MAP-kinase were from cell signa
Ozyme, France) and antibodies against p85 were from S
aline and nine rats received ovine leptin, dissolved in
le bidistillated water (9/10, v/v) and sodium dihydrog
hosphate buffer (1/10, v/v, 1 M) and diluted to appro
te concentrations, via osmotic minipumps (1 mg/kg/day
days as previously described (Wetzler et al., 2004). The
inipumps (Alzet no. 2001 model, constant rate 1�l/h, were

mplanted under light ether anaesthesia, in the intraperito
avity. At the end of the experiment, 20 min before le
naesthesia, rats of each group were injected either w

eptin (1 mg/kg) (n = 3), or insulin (1 IU/kg) (n = 3) or saline
n = 3) in order to test hypothalamic and liver respons
hose injections.

.4. Sample collection and analysis

On the 7th day after minipump implantation, and a
h of food deprivation, a drop of blood was taken fr

he femoral vein of each rat for glycaemia evaluation. E
lood drop was applied to a blood glucose test strip

nserted in a glucose meter (Glucosetrend 2, Accu-Chek
em, Roche, limit of sensitivity 0.6 mmol/l). Then rats w
nesthetized with a lethal dose of pentobarbital (50 m
W by i.p injection) and heparinized (100 units heparin/1
W). Blood samples were collected from the inferior v
ava and centrifuged, and the plasma was frozen at−20◦C
ntil insulin and leptin assays were carried out. Then

iver and hypothalamus were quickly removed and imm
tely frozen into liquid nitrogen for further analysis. Th
epots of white adipose tissue: epididymal, retroperito
nd subcutaneous, were carefully removed and weighe
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Serum leptin and insulin concentrations were measured
using a double-antibody radioimmunoassay kit (leptin: Linco
research, insulin: CIS Bioindustries, Gif/Yvette, France).

2.5. Iodination of ovine leptin

Ovine leptin (10�g) was radio-iodinated (IMS 50, Amer-
sham Pharmacia Biotech, France) by the chloramine T
method.

2.6. Western blot analysis

Starved Con or Lep rats were subjected to leptin, insulin
or saline acute IP treatment and sacrificed 30 min later. Tis-
sues (liver and hypothalamus) were immediately frozen in
liquid nitrogen and stored at−80◦C. Frozen tissues were
homogenized in the solubilization buffer containing contain-
ing 20 mM Tris–HCl (pH 7.5), 137 mM NaCl, 1 mM MgCl2,
1 mM CaCl2, 1% nonidet-P40, 10% glycerol, Protease
inhibitors (0.35 mg/ml PMSF, 2�g/ml leupeptin, 2�g/ml
aprotinin) and phosphatase inhibitors (10 mM sodium flu-
oride, 1mM sodium orthovanadate, 20 mM sodium�-
glycerophosphate, 10 mM benzamidine). After lysis in ice
for 90 min, insoluble materials was removed by centrifu-
gation (15,000 rpm at 4◦C for 30 min) and protein con-
centrations of the resulting lysates were determined using
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3. Results

3.1. Glycaemia, insulinemia, leptinemia

At time of sacrifice glycaemia and insulinemia were not
significantly different between Con and Lep rats. Plasma
glucose concentrations were 6.1± 0.2 mmol/l and 5.7±
2.3 mmol/l in Con and Lep rats, respectively. Plasma
insulin concentrations were 64.4± 10.3�U/ml and 74.9±
18.8�U/ml in Con and Lep rats, respectively. Whereas,

Fig. 1. Response of Wistar rats to leptin infusion. The animals were infused
with saline (Con) or ovine leptin (Lep) (1 mg/kg/day) using osmotic mini-
pumps implanted into the intraperitoneal cavity. Infusion was performed
from day 7 to day 14 and body weight (A) was measured. Fat mass deposit in
various anatomical locations (Epi: epididymal fat; Retro: retroperitoneal fat;
subcutaneous fat) was also measured (B). Total energy intake was also mea-
sured from day 1 of infusion to the end and expressed as kJ/100 g of weight
(C). Results are expressed as mean± S.E.M., and ‘*’ indicatedp < 0.05 sig-
nificant differences between leptin saline infusion.
protein assay kit (Pierce, Perbio Science, France).
ilized materials were either directly subjected to Wes
lotting or to immunoprecipitation before Western b

ing. For direct application, liver or hypothalamus extra
150�g) were subjected to SDS-PAGE and transferred
itrocellulose membranes. Immunoblots were then blo
ith 3% non-fat dry milk. After incubation with approp
te primary and secondary antibodies, nitrocellulose m
ranes were washed and targeted protein were detected
nhanced chemiluminescence’s reagents (ECL; Amer
iosciences). For immunoprecipitations, equal amoun
roteins (500�g) were incubated with the appropriate a
odies overnight at 4◦C. Immune complexes were c

ected following incubation with protein-A agarose for
t 4◦C. The complexes were washed extensively, and
ubjected to Western blotting as described above. Fo
uantification of STAT-3 and MAP-kinase phosphorylat
btained bands were quantified using Scion Image Soft
nd normalized to total amount of STAT-3 or MAP-kina
espectively.

.7. Statistical analysis

Statistical analysis was performed using analysis of
nce (ANOVA, STATVIEW Software, version 5) to dete
ignificant inter-group differences. Values are expre
s means± S.E.M., andp < 0.05 was considered statis
ally significant. Differences in body composition and fo
ntake between the two groups were tested using Stud
-test.
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Fig. 2. Phosphorylation of STAT-3 (A and B) and MAP-kinase (C and D) in the hypothalamus of rats infused with saline or leptin (1 mg/kg/day) for 7 days
and killed 30 min following an IP injection of saline, insulin (1 U/kg) or leptin (1 mg/kg). Proteins were separated by SDS-PAGE on 8% gels and transferred to
nitrocellulose membranes. Phosphorylated STAT-3 or MAP-kinase was visualized by immunoblotting with antibodies specific for phospho STAT-3 or phospho
MAP-kinase. The same blots were immunoblotted with antibodies specific to total STAT-3 or total MAP-kinase. Bands were quantified using Scion Image
software and results were expressed as ratio of phosphorylated/total STAT-3 or MAP-kinase. Data are means± S.E.M. for three rats.

plasma leptin levels were increased by almost three-
fold in Lep rats (22.9± 8.6) as compared to Con rats
(7.5± 2.2 ng/ml), but however, due to individual variations
this increase is nearly significant (p < 0.07).

3.2. Impact of leptin infusion on food intake, body
weight and body composition

During the basal period (7 days) prior to minipump
implantation, control group (Con) and leptin group (Lep) had
similar daily body weight gain (BWG) with 10.3± 0.5 and
9± 0.3 g, respectively. Following mini-pump implantation
and from day 1 of leptin infusion BWG of Lep rats progres-
sively decreased to reach a reduction of 36% (+39± 2.4 g) as

compared to Con rats (+60.8± 1.9 g) after 7 days of leptin
infusion (p < 0.0001) (Fig. 1A).

At the end of leptin or placebo infusion adipose tissue from
different locations was weighed. Leptin infusion significantly
reduced white adipose tissue (WAT) by 26% (p < 0.005);
particularly retroperitoneal WAT (−25%,p < 0.05), epididy-
mal WAT (−22%,p < 0.05) and subcutaneous WAT (−28%,
p < 0.005) (Fig. 1B). WAT/carcass ratio was significantly
lower in Lep rats as compared to Con rats (Fig. 1B).

In parallel to the measurement of body weight gain, feed
intake was measured during leptin or placebo infusion. Dur-
ing basal period prior to leptin infusion, both Con and Lep
rats ingested similar amount of feed as expressed as kJ/100 g
BW. The energy intake was expressed as energy intake
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Fig. 3. Phosphorylation of STAT-3 (A and B) and MAP-kinase (C and D) in the liver of rats infused with saline or leptin (1 mg/kg/day) for 7 days and
killed 30 min following an IP injection of saline, insulin (1 U/kg) or leptin (1 mg/kg). Proteins were separated by SDS-PAGE on 8% gels and transferred to
nitrocellulose membranes. Phosphorylated STAT-3 or MAP-kinase was visualized by immunoblotting with antibodies specific for phospho STAT-3 or phospho
MAP-kinase. The same blots were immunoblotted with antibodies specific to total STAT-3 or total MAP-kinase. Bands were quantified using Scion Image
software and results were expressed as ratio of phosphorylated/total STAT-3 or MAP-kinase. Data are means± S.E.M. for three rats.

prior to minipump implantation. During the whole period
of leptin infusion (7 days), Lep rats significantly (p < 0.05)
decreased their total energy intake by 16% as compared
to Con rats (528.8± 18.8 kJ/100 g BW for Lep rats versus
634± 11.2 kJ/100 g BW for Con rats) (Fig. 1C).

4. Leptin chronic treatment alters liver STAT-3 and
MAP-kinase sensitivity to leptin and insulin

To investigate the possible action of leptin chronic treat-
ment on leptin or insulin sensitivity in liver, we studied the
phosphorylation of STAT-3 in response to insulin or leptin.
Following, SDS-PAGE and Western blotting, STAT-3 phos-
phorylation was quantified as described in Section2. In Con
rats, leptin or insulin significantly (p < 0.001 and 0.01, respec-
tively) increased STAT-3 phosphorylation (Fig. 2A). In Lep
rats, both insulin and leptin were unable to increase STAT-3
phosphorylation and their effect is similar to that produced
in rats receiving saline (Fig. 2B).

The effect of leptin chronic treatment was also inves-
tigated in liver MAP-kinase. MAP-kinase phosphorylation
was also estimated by Western blotting using specific anti-
bodies directed towards phospho-MAP-kinase, and results
were normalized to total MAP-kinase. In Con rats, leptin
and insulin significantly (p < 0.0001) increased MAP-kinase
phosphorylation by six- and five-fold, respectively, as com-
pared to saline treatment (Fig. 3C). In Lep rats, the effect
of insulin was completely abolished and that of leptin was
clearly attenuated with a slight, but significant (p < 0.05),
increase in MAP-kinase phosphorylation (Fig. 3D).

5. Leptin chronic treatment alters liver IRS1 and
IRS-2 association to the regulatory subunit of PI
3-kinase (p85) in response to acute leptin or insulin

The liver plays a central role in regulating glucose and
lipid homeostasis, and is one of the major sites of insulin
action. One of the important signalling pathways controlled



64 Y. Benomar et al. / Molecular and Cellular Endocrinology 242 (2005) 59–66

Fig. 4. IRS-1 (A and B) or IRS-2 (C and D) association to p85 subunit of PI 3-kinase in the liver of rats infused with saline or leptin (1 mg/kg/day) for 7 days
and killed 30 min following an IP injection of saline, insulin (1 U/kg) or leptin (1 mg/kg). Liver proteins were immunoprecipitated with either anti-IRS-1 or
anti-IRS-2 antibodies and immunoprecipitates were separated by SDS-PAGE on 8% gels and transferred to nitrocellulose membranes. The association of p85
with either IRS-1 or IRS-2 was visualized by immunoblotting with antibodies specific for p85 subunit. Bands were quantified using Scion Image softwareand
results were expressed as means± S.E.M. for three rats.

by insulin is IRS/PI 3-kinase cascade and its alteration may
lead to insulin-resistance. Thus we studied the impact of lep-
tin chronic treatment on insulin or leptin action on IRS-1or
IRS-2 association to the regulatory subunit of the PI 3-kinase.
Following leptin chronic treatment, starved rats were treated
by IP with leptin, insulin or saline and sacrificed 30 min later.
Solubilized liver samples were subjected to immunoprecipi-
tation using either IRS-1 or IRS-2 antibodies, and blots were
revealed with an anti-p85 antibody. In Con rats, insulin or
leptin significantly increase IRS-1 (p < 0.01) (Fig. 3A) and
IRS-2 (p < 0.0001) (Fig. 3C) association to the p85 subunit.
In Lep rats, both leptin and insulin were unable to increase
IRS-1 (Fig. 3B) or IRS-2 (Fig. 3D) association to p85.

5.1. Leptin chronic treatment alters hypothalamus
STAT-3 but not MAP-kinase phosphorylation in response
to acute leptin injection

The impact of leptin chronic treatment on hypothalamic
insulin and leptin sensitivity was studied. Lep or Con rats
were subjected to acute leptin, insulin or saline treatment
(IP) and sacrificed 30 min later. STAT-3 phosphorylation was
measured as described in Section2. In Con rats, leptin sig-
nificantly (p < 0.0001) increased STAT-3 phosphorylation by
at least four-fold, whereas insulin and saline treatments were
without effect (Fig. 4A). In Lep rats, STAT-3 phosphoryla-
tion in response to leptin was completely abolished and its
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effect is similar to that obtain with saline or insulin treatment
(Fig. 4B).

To investigate whether, leptin chronic treatment affects
other signalling pathways in the hypothalamus; we stud-
ied the activation of MAP-kinase. Starved Con or Lep rats
were subjected to leptin, insulin or saline acute IP treatment
and sacrificed 30 min later. The MAP-kinase phsophorylation
was measured as described in Section2. The results indicate
that in both Lep (Fig. 4D) and Con (Fig. 4C) rats, leptin but
not insulin increased MAP-kinase phosphorylation. Leptin
increased MAP-kinase phosphorylation by almost six-fold
in Con rats and only by two-fold in Lep rats, as compared to
their respective control (saline treated rats).

6. Discussion

Numerous studies reported paradoxical observations on
the link between hyperleptinemia and insulin resistance
(Ceddia et al., 2002). In the present paper we investigate
the impact of a chronic increase in plasma leptin concen-
trations on leptin and insulin signalling in hypothalamus
and liver. Following 7 days of leptin infusion, plasma lep-
tin concentration was increased by almost three-fold and this
was concomitant with a significant reduction in food intake
and fat mass without changes in carcass weight. This results
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In liver, our results show that in normal rats both leptin
and insulin acutely injected stimulate STAT-3 and MAP-
kinase phosphorylation. These effects were abolished fol-
lowing chronic leptin treatment indicating both leptin and
insulin resistance of the liver. The alteration of insulin sig-
nalling in liver of Lep rats may be attributed to a direct action
of leptin on liver or indirect through the central nervous sys-
tem, mainly hypothalamus. Recently, it has been showed that
leptin impairs insulin signalling in isolated adipocytes and
in vivo following intracerebroventricular injection (Perez et
al., 2004). In addition, leptin chronic treatment abolished lep-
tin effects on STAT-3 and MAP-kinase phosphorylation. The
alteration of insulin signalling in liver cannot be attributed to
an increase in plasma insulin levels, since the chronic leptin
treatment did not significantly affect insulinemia. Thus, the
alteration of insulin signalling in liver is most likely attributed
to hyperleptinemia.

To investigate whether other signalling pathways were
affected by leptin treatment in liver, IRS/PI 3-kinase path-
way was studied. In control rats, both leptin and insulin were
able to increase IRS-1 or IRS-2 association to p85, regulatory
subunit of PI 3-kinase. Following chronic leptin treatment,
both leptin and insulin actions on IRS-1 or IRS-2 associa-
tion with p85 were abolished. Our results clearly show that
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issue whatever its localization (i.e. subcutaneous or i
bdominal) (Barzilai et al., 1997). Moreover, leptin treatme
educed leptin-sensitivity of the hypothalamus and both
in and insulin-sensitity in the liver. This is the first eviden
n our knowledge, demonstrating that chronic leptin treatm
nduces insulin resistance of both STAT-3 and MAP-kin
ignaling pathways in liver.

Our data also show that chronic leptin treatment
ificantly altered leptin-sensitivity of the hypothalamus
stimated by STAT-3 and MAP-kinase phosphorylation

owing an acute leptin challenge. In addition, we also s
hat acute insulin treatment did not affect STAT-3 or MA
inase phosphorylation in the hypothalamus of Lep or
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o leptin-resistance in the hypothalamus, despite the si
ant reduction in food intake and fat body weight. This co
riginate from the increase in both STAT-3 and MAP-kin
asal phosphorylation during chronic leptin infusion in L
ats as compared to Con rats. This state may mimic the
tage of the onset of leptin resistance characterized b
ncrease in plasma leptin concentrations (Considine et al
996). It is noteworthy that the hypothalamic leptin res

ance appeared without significant changes in plasma glu
r insulin levels. The present study show most likely a s
f leptin-resistance that may reflect a pre-obese state w
ubjects are not resistant to insulin and their glycemia is
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ats, although this difference is not statistically signific
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hronic leptin treatment impairs insulin signalling in vivo
iver. Interestingly, basal association of IRS1/IRS2 with
-kinase is increased Lep rats, leading probably to “cons

ive” activation of PI 3-kinase, which may explain insulin a
eptin resistance of this signalling pathway. In addition,
onstitutive activation of PI 3-kinase may, at least parti
xplain the normal glycemia observed in Lep rat group
escribed previously, this may reflect a pre-obese state
ay lead to hyperinsulinemia and hyperglycemia whe

eptin chronic treatment have been maintained longer.
Taken together, these results show that leptin chronic

ent affects insulin signalling in rat liver by altering th
ajor signalling pathways: STAT-3, MAP-kinase and IRS
-kinase. This is new evidence that links leptin resistan

nsulin resistance in vivo in rat.
In conclusion, this study shows that leptin chronic infus

mpairs (1) leptin signalling in the hypothalamus (STAT-3
AP-kinase signalling pathways), (2) leptin and insulin
alling in the liver (STAT-3, MAP-kinase and IRS/PI 3-kina
ignaling pathways), and finally this study demonstrates
eptin resistance may contribute to the onset of insulin r
ance.
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